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Bacteria display an array of contact-dependent
interaction systems that have evolved to facilitate
direct cell-to-cell communication. We have previ-
ously identified a mode of bacterial communication
mediated by nanotubes bridging neighboring cells.
Here, we elucidate nanotube architecture, dynamics,
and molecular components. Utilizing Bacillus subtilis
as a model organism, we found that at low cell den-
sity, nanotubes exhibit remarkable complexity, exist-
ing as both intercellular tubes and extending tubes,
with the latter frequently surrounding the cells in a
‘‘root-like’’ fashion. Observing nanotube formation
in real time showed that these structures are formed
in the course of minutes, displaying rapid move-
ments. Utilizing a combination of super-resolution,
light, and electron microscopy, we revealed that
nanotubes are composed of chains of membranous
segments harboring a continuous lumen. Further-
more, we discovered that a conserved calcineurin-
like protein, YmdB, presents in nanotubes and is
required for both nanotube production and intercel-
lular molecular trade.
INTRODUCTION
Intercellular communication enables synergistic activity among
bacterial communitymembers, allowing the execution of compli-
cated processes such as antibiotic production, secretion of viru-
lence factors, and bioluminescence (Ng and Bassler, 2009).
Conversely, intercellular communication may promote antago-
nistic effects, causing growth inhibition or lysis of neighboring
cells, thus affording the perpetrator with a selective growth
advantage (Hayes et al., 2010). Bacteria developed various elab-Developmorate apparatuses for establishing cell-to-cell contact, with the
first mode to be discovered being conjugation, whereby genetic
information is transferred from donor to recipient through a type
IV secretion system fitted with flexible F pili (Lederberg and Ta-
tum, 1946; Wang et al., 2009). Contact-mediated interactions
can also be facilitated by the type III, V, and VI machineries,
which allow exchange of cellular information among various
species, as well as across kingdoms (Hayes et al., 2010). An
additional mechanism underlying bacterial intercellular ex-
change involves shedding of membrane vesicles (MVs), which
can fuse with both prokaryotic and eukaryotic cells. Importantly,
the MV cargo is encased, and therefore protected from poten-
tially harsh extracellular conditions (Schertzer and Whiteley,
2013). MVs, first identified decades ago, are features of both
Gram-positive and -negative bacteria, and were found to harbor
proteins, virulence factors, metabolites, signaling molecules,
and even chromosomal DNA fragments (e.g., Mashburn and
Whiteley, 2005; Matin and Konings, 1973; Rivera et al., 2010).
We have previously described a form of bacterial cell-to-cell
interaction mediated by tubular protrusions, which we termed
nanotubes, by analogy to their eukaryotic counterparts (Dubey
and Ben-Yehuda, 2011). In eukaryotic cells, nanotubes facili-
tate intercellular transport of cytoplasmic molecules, mem-
brane components, organelles, and even pathogens such as
viruses (Abounit and Zurzolo, 2012). Utilizing Bacillus subtilis,
we provided evidence that nanotubes serve as conduits for
intercellular trade of cytoplasmic molecules and non-conjuga-
tive plasmids. Nanotubes were also formed in an interspecies
manner, suggesting that they provide a route for trafficking
constituents within and across species (Dubey and Ben-Ye-
huda, 2011). In support of this idea, cytoplasmic exchange of
metabolites and proteins was reported to occur between
different bacterial species and to be associated with nano-
tube-like structures (Benomar et al., 2015; Pande et al.,
2015). Here we report that B. subtilis nanotubes are composed
of constricted lipid bilayer segments, and identify YmdB as a
component required for nanotube formation and intercellular
molecular exchange.ental Cell 36, 453–461, February 22, 2016 ª2016 Elsevier Inc. 453
Figure 1. Extended Nanotubes Produced by
Cells at Low Density
(A) Schematic representing the procedures utilized
to observe nanotubes by EM. (a) Exponentially
growing cells are spotted at low density onto an
EM grid that is placed over a nitrocellulose (NC)
membrane and incubated on solid LB for 2 hr. Grids
are detached from the membrane and cells as well
as their surroundings are observed by EM. (b) Cells
are grown for 3 hr on solid LB at 37C, and an EM
grid is then placed over the cells. After 3 additional
hours of incubation, cells attached to the grid are
observed by EM.
(B and C) PY79 (wild-type) cells were spotted onto
EM grids at low density and processed as depicted
in (Aa). (B) HR-SEM image (370,000) of a typical
single cell surrounded by extending nanotubes.
(C) HR-SEM image (350,000) of extending and
intercellular nanotubes. Inset shows typical short
intercellular nanotubes formed at high cell density,
visualized by HR-SEM (340,000), as depicted
in (Ab).
(D) PY79 cells were spotted at low density onto an
ITO-coated coverslip and covered with a dialysis
membrane. Cells were incubated at 37C in LB
medium for 2 hr, and subsequently fixed and
visualized by HR-SEM (36,000) without coating.
Green arrows: short intercellular nanotubes; red
arrows: extending intercellular nanotubes; blue
arrows: extending nanotube webs; yellow arrows:
sites of extending nanotube emergence; orange
arrows: nanotubes exhibiting both bright and dark
appearance. Scale bars represent 500 nm.
See also Figure S1.RESULTS
Elongated Nanotubes Extend from Cells Grown at Low
Density
To investigate whether nanotube production is an intrinsic prop-
erty of bacterial cells occurring regardless of the presence of
neighbors, we examined nanotube formation by cells grown at
low density. To observe single cells and their surrounding area,
we devised a technique to grow bacteria on top of electron mi-
croscopy (EM) grids (Figure 1Aa), as opposed to our previous
method whereby grids were placed over the growing bacteria
(Figure 1Ab). Cells were spotted at low density onto an EM
grid, incubated on solid Luria-Bertani (LB) medium for 2 hr, and
visualized using high-resolution scanning EM (HR-SEM). During454 Developmental Cell 36, 453–461, February 22, 2016 ª2016 Elsevier Inc.this time, the majority of cells were lack-
ing proximal neighbors. Strikingly, we
observed that single cells produce elon-
gated tubular protrusions frequently ar-
ranged in a ‘‘root-like’’ fashion, extending
over the surface to a distance of a few mi-
crons (Figure 1B). The outline of these pro-
jections was also evident by whole-mount
transmission EM (Figure S1A). Such ex-
tensions were readily visible in a flagellum
mutant (Figure S1B), ruling out the
possibility that these appendages areflagella. We termed these elongated structures ‘‘extending
nanotubes,’’ as they extend away from the cell to distances of
a few microns.
A closer observation of cells grown at low density indicated
that extending nanotubes, encountering distal cells, could inter-
connect the two partners, likely turning into ‘‘long-distance’’
intercellular nanotubes (Figure 1C, red arrows). Noticeably,
when cells were lying in proximity, we could often observe
‘‘short-distance’’ intercellular nanotubes (<1 mm), slightly above
the surface, displaying manifestation comparable with the nano-
tubes produced at high cell density that we described previously
(Figure 1C, inset and green arrows) (Dubey and Ben-Yehuda,
2011). When extending nanotubes originated from cells at
a higher focal position, the site of emergence was brighter
Figure 2. Live-Cell Imaging of Nanotube
Formation and Dynamics
(A) GD215 (Dhag) cells were spotted at low density
onto an ITO-coated coverslip and incubated in LB
supplemented with a fluorescent membrane dye.
Shown are fluorescence images showing webs
of extending tubes (a, b) or elongated extending
tubes (c–f). Nanotubes are highlighted by arrows.
Cells are frequently off focus to improve nanotube
visualization.
(B) GD215 cells were grown as in (A) and observed
by TIRF-SIM. Shown are fluorescence of cells (a),
TIRF-SIM of a nanotube (b), and an overlay of (a)
(cyan) and (b) (yellow) images (c).
(C) GD215 cells were grown as in (A). Shown are
fluorescence images captured at t = 0 (a) and t = 15
(b) min of incubation. Long-distance nanotube is
highlighted by an arrow.
(D) GD215 cells were grown as in (A). Shown are
fluorescence images captured at t = 0 (a), t = 30 (b),
t = 50 (c), and t = 70 (d) min of incubation.
Cells photographed by LM are frequently off focus
to improve nanotube visualization. Scale bars
represent 500 nm.
See also Figure S1.(Figure 1C, yellow arrows), similar in appearance to the short
intercellular nanotubes. Furthermore, a single extending nano-
tube frequently exhibited both bright and dark regions that corre-
lated with focal position (Figure 1B, orange arrows), implying that
short intercellular and extending nanotubes are similar, and that
only the focal position leads to their apparently dissimilar
morphology.
To improve visualization, we developed a method to view
nanotubular networks in uncoated samples by growing the cells
over a coverslip (Figure S1C). In this technique the cells and
nanotubes appear darker by HR-SEM imaging due to electrical
charging. The absence of coating material exposed the com-
plexity and prevalence of nanotubes, as well as the relatively uni-
form appearance of all nanotube types (Figure 1D). Cells lacking
nearby neighbors produced elongated webs of extending tubes
(Figure 1D, blue arrow), while cells with nearby neighbors devel-
oped elaborate intercellular networks. As before, extending
nanotubes appeared to become intercellular upon reaching
adjacent cells (Figure 1D, red arrow), whereas short nanotubesDevelopmental Cell 36, 453–461,were evident when cells were residing
close by (Figure 1D, green arrows).
Previously we provided evidence that
nanotubes are sensitive to detergent
treatment, indicative of a membranous
composition (Dubey and Ben-Yehuda,
2011); therefore, we attempted to visu-
alize nanotubes by light microscopy (LM)
using a fluorescent membrane dye.
When cells lacking flagella were grown at
low density and stained with a membrane
dye, complex ‘‘root-like’’ structures were
frequently observed to surround the cells
(Figures 2Aa and 2Ab), resembling the ex-
tending nanotubes observed by EM (e.g.,Figure 1B). Furthermore, long-distance nanotubes, connecting
cells located microns away, were manifested (Figures 2Ac–
2Af). Of note, due to the fine structure of nanotubes, their
visualization by membrane dye was enabled when cells were
overexposed. Importantly, tracking the cells with SYTOX
Green, which exclusively stains dead cells, indicated that nano-
tubes were formed by intact living cells (Figure S1D). The
observed structures were not stained by fluorescently labeled
wheat germ agglutinin, which recognizes peptidoglycan compo-
nents, suggesting that nanotubes lack cell wall layers (Fig-
ure S1E). Frequently, nanotubes were observed in a focal
plane different from that of the cells. To selectively observe
nanotubes relative to background fluorescence, we combined
total internal reflection fluorescence (TIRF) with super-resolution
structured illumination microscopy (SIM). Indeed, the TIRF-SIM
approach corroborated the existence of nanotubes located
beneath the cells (Figures 2B and S1F). Notably, we could
frequently detect extending nanotubes emanating from septal
positions.February 22, 2016 ª2016 Elsevier Inc. 455
Figure 3. Visualization of Nanotubes Using
cLM-SEM
(A) PY79 (wild-type) cells were spotted at low density
onto an ITO-coated gold numbered coverslip and
covered with a dialysis membrane. Cells were incu-
bated in LB supplemented with a fluorescent mem-
brane dye. At t = 40 min, when nanotubes were
prominent, cells were fixed and visualized by HR-
SEM without coating. Of note, some movement in
cell and nanotube positions might occur before and
during sample processing. Shown are fluorescence
(before fixation) (a) and SEM (31,250) (b) images. (c)
A higher-magnification HR-SEM image (310,000)
of the boxed region shown in (a, b). For a direct
comparison, the corresponding region, as captured
by LM, is shown above.
(B) PY79 cells were processed as in (A). Shown are
phase contrast (a), fluorescence (b), and HR-SEM
(312,500) without coating (c) images. Red arrow
indicates the precise correlation of a single nano-
tube observed by both techniques.
(C) PY79 cells were processed as in (A). Shown
are fluorescence (a) and HR-SEM (317,500)
without coating (b) images. Arrows indicate sites of
precise correlation of nanotubes observed by both
techniques.
(D) PY79 cells were spotted onto EM grids at low
density and processed as depicted in Figure 1Aa.
Shown is a nanotube emanating from a cell as
visualized by HR-SEM (3100,000) without coating.
A cell and a nanotube (NT) are indicated by arrows.
(E) PY79 cells were processed as in (A). (a) HR-
SEM image (350,000) without coating highlighting
short intercellular nanotubes. (b) Higher-magnifica-
tion HR-SEM image (3175,000) of the boxed region
in (a). (c) Fluorescence image of a field of cells. Ar-
row indicates an extending nanotube. (d) HR-SEM
image (37,500) without coating of the field shown in
(c). (e) Enlargement of the boxed region in (d).
(F) PY79 cells were spotted on solid LB and pro-
cessed as depicted in Figure 1Ab. (a) HR-SEM
image (340,000) of cells coated with gold prior to
visualization. A typical intercellular nanotube ap-
pears homogeneous. (b) HR-SEM image (340,000)
of non-coated cells. Insert shows enlargement of
the boxed region in (b).
Cells photographed by LM are frequently off focus
to improve nanotube visualization.
See also Figure S2.To determine whether the membrane-stained tubular struc-
tures are indeed the nanotubes observed by EM, we developed
a correlative LM and scanning EM (cLM-SEM) procedure (Fig-
ure S2A). Cells were spotted at low density onto a conductive
gold numbered coverslip and tracked by time-lapse microscopy
until the extracellular structures were prominent (Figure 3Aa).
Subsequently, cells were fixed and the corresponding region
viewed by scanning EM (Figure 3Ab). Our analysis revealed a
substantial correlation between the tubular extensions observed
by LM and scanning EM (Figure 3Ac). Furthermore, examining
either single extended tubes or complex ‘‘root-like’’ patterns
confirmed that the structures monitored by both methods are
identical (Figures 3B and 3C). Thus, we conclude that nanotubes
exist in short intercellular and extending modes, with the latter
being prominent at low cell density.456 Developmental Cell 36, 453–461, February 22, 2016 ª2016 ElsevReal-Time Imaging of Nanotube Formation and
Dynamics
Next, we followed nanotube formation and kinetics in real time
within a low-density population, prior to growth resumption,
when cells were presumably in lag phase. Remarkably, we
observed that a single nanotube could extend to a distance
of approximately 15 mm within 15 min (Figure 2C). As antici-
pated, we could sometimes capture an intermediate stage at
which an extending nanotube turned intercellular (Figure S2B).
Analysis of a field of cells initially lacking visible nanotubes (Fig-
ure 2Da) revealed the generation of a network of extending
tubes 30 min post incubation (Figure 2Db) that reached an esti-
mated overall length of 40 mm after 50 min (Figures 2Dc and
S2C). Eventually, after 70 min, nanotube growth attained an
approximate length of 57 mm with a corresponding surfaceier Inc.
Figure 4. Nanotubes Exhibit Architecture of
Consecutive Constricted Segments
(A) GD215 (Dhag) cells were spotted at low density
onto an ITO-coated coverslip and incubated in
LB supplemented with a fluorescent membrane
dye. Shown are examples of typical nanotubes
observed by fluorescence (a) and TIRF-SIM (b).
(B) GD215 cells were grown as in (A) and observed
by TIRF-SIM. Shown are epi-fluorescence of cells
(a), TIRF-SIM of a nanotube (b), and an overlay of (a)
(cyan) and (b) (yellow) images (c).
(C) GB168 (Dhag, DymdB, Phyper-spank-ymdB) cells,
having higher level of nanotubes due to YmdB
overexpression, were incubated at 37C in LB for
2 hr, vitrified and visualized by cryo-EM. (a) Image
(342,000) of a nanotube emanating from a cell.
Asterisk indicates the tube emanation site. (b)
Image (342,000) of a nanotube emanating from a
cell. (c) Image (342,000) of a nanotube that seems
to emanate from the division septum. (d) Image
(342,000) of a nanotube located along the
cell. Nanotube circumference and cell membrane
appear identical. (e) Image (364,000) of a nanotube
emanating from the cell and having a constricted
pattern. (f–h) Examples of extending nanotubes
(f and g, 38,700; h, 342,000), detached from the
cells, having a continuous lumen. (i, j) Enlarged
view of the boxed regions in (d). Nanotube mem-
brane bilayer is indicated by arrows. (k) Enlarged
view of the boxed region in (h). Nanotube tube
membrane bilayer is indicated by an arrow. NT,
nanotube; CM, cell membrane, CW, cell wall.
See also Figure S2.area of 9 mm2 (Figures 2Dd and S2C), which is almost three
times larger than the calculated surface of a typical B. subtilis
cell (3.14 mm2; Figure S2C). This tremendous increase in cell
surface area raises the possibility that nanotubes serve to scav-
enge for nutrients. Indeed, following nanotube motion over a
period of a few minutes revealed rapid nanotube movements,
on a timescale of milliseconds (Movies S1 and S2), supporting
the premise that nanotubes could serve to explore the sur-
roundings. Whether this motion is energy dependent or Brow-
nian is currently under investigation.
We then sought to monitor the presence of cytoplasmic cargo
within tubes by exploiting the small fluorophore calcein acetoxy-
methylester (AM) (623Da),whichbecomescagedwithin thecyto-
plasm and was found to be rapidly exchanged among neighbors
(Dubey and Ben-Yehuda, 2011). Signal from calcein was readily
detected from areas surrounding the cells in structures corre-Developmental Cell 36, 453–461,sponding to nanotubes (Figure S2D).
Frequently, the extracellular calcein signal
appeared punctate (Figure S2Da), a
pattern likely reflecting the nanotube
structure as further explored below.
Nanotubes Comprise Consecutive
Constricted Membranous
Segments
A detailed examination of nanotubes in
non-coated HR-SEM specimens revealed
both short and extending tubes to apparently be composed of
chains of sequential beads (Figures 3D–3F). By advancing our
method to a triple correlative LM-SEM-atomic force microscopy
(AFM) procedure (Figure S2A), we corroborated that nanotubes
observed by scanning EM are segmented (Figure S2E and
S2F). Similar nanotube beaded patterns were visible in living
cells using fluorescence microscopy (Figure 4Aa), and more
clearly by TIRF-SIM imaging (Figures 4Ab and 4B).
We next aimed to explore whether nanotube segments have a
shared lumen or whether each corresponds to a separate
compartment by analyzing the ultrastructural details of nano-
tubes using cryo-EM in close to native conditions. Utilizing this
approach we were able to image nanotubes that directly
emanate from the cell membrane, crossing the cell wall through
a narrow orifice, and extending into the surrounding area (Fig-
ures 4Ca–4Ce). Frequently we observed nanotubes that wereFebruary 22, 2016 ª2016 Elsevier Inc. 457
detached from nearby cells (Figures 4Cf–4Ch). Typically, nano-
tubes appeared as a chain of consecutive constricted segments
having a continuous lumen (Figures 4Cc–4Ch). Sometimes these
constrictions were less evident and the tubes appeared more
homogeneous in width (Figures 4Cd and 4Cf–4Ch), while in other
cases the constriction sites were prominent and free vesicles
seemed to be released from the nanotubes (Figures 4Ca and
4Cb). Ultra-resolution analysis further disclosed that nanotubes
are encased by a membrane that appears identical to the cyto-
plasmic membrane, containing the characteristic lipid bilayer
and devoid of a noticeable cell wall (Figures 4Cd and 4Ch–4Ck).
Cryo-EM analysis indicated the nanotube width to be approx-
imately 40–60 nm. Consistently, estimations based on non-
coated high-magnification HR-SEM samples (R3100,000)
showed the tube width to range from 50 to 70 nm (data not
shown). These measurements fall within the range of our previ-
ous estimations based on gold-coated samples (30–120 nm;
Dubey and Ben-Yehuda, 2011). As judged by cryo-EM, at con-
stricted sites nanotube width was reduced to 20 nm, while
the length of individual nanotube segments, as defined by two
constriction sites, was 100 nm.
YmdB Is Required for Nanotube Formation and
Intercellular Molecular Trade
To elucidate the molecular components comprising nanotubes,
we devised a procedure to enrich for nanotubes deriving from
growing cells (Figure S3A) and to dissect their proteinaceous
composition by mass spectrometry (MS). Using this strategy,
52 proteins, mainly involved in basic metabolism, cell wall re-
modeling, or lacking a known function, were enriched in the
nanotube fraction (Table S1). An intriguing protein identified
was TasA, previously shown to generate extracellular amyloidic
fibers crucial for biofilm integrity (Branda et al., 2006; Stover and
Driks, 1999). However, HR-SEM and AFManalyses revealed that
nanotubes are produced by tasA mutant cells (Figures S3B and
S3C), indicating that TasA is not essential for tube formation.
Notably, no additional biofilmmatrix components were detected
in the nanotube fraction.
Next, we investigated the impact of the potential nanotube-
associated proteins on intercellular molecular exchange. Previ-
ously we found thatmixing two strains, each harboring a different
antibiotic resistance gene, results in the exchange of cyto-
plasmic molecules potentially through nanotubes, yielding a
population of cells temporarily resistant to both antibiotics.
Furthermore, we detected the delivery of a non-conjugative
plasmid from donor to recipient, in a mode independent of natu-
ral transformation (Figure S3E) (Dubey and Ben-Yehuda, 2011).
We next exploited these antibiotic assays as screens to assess
nanotube functionality in strains deleted for the potential nano-
tube-associated genes. We identified several mutants exhibiting
attenuated molecular exchange, with DymdB showing the most
severe deficiency (Figure S3D). YmdB is a phosphodiesterase
that was reported to function by decreasing the expression of
motility genes and inducing genes implicated in biofilm formation
(Diethmaier et al., 2011, 2014). However, examining the capacity
of tasA, as well as an array of biofilmmutant strains, to exchange
molecules, did not reveal significant impairment (Figures S3F–
S3H and Table S2), suggesting that these proteins are not
required for nanotube functionality.458 Developmental Cell 36, 453–461, February 22, 2016 ª2016 ElsevA detailed examination revealed that both protein and plasmid
tradingwere significantly decreased inDymdB cells, a deficiency
that was most evident at low cell density (Figures 5Aa, 5Ad,
S4Aa, and S4Ad). Furthermore, this phenotype was prominent
when only the donor strain harbored the ymdBmutation (Figures
5Ab and S4Ab). Conversely, wild-type levels of molecular ex-
change were observed when only the recipient strain carried
the ymdB mutation (Figures 5Ac and S4Ac). Thus, molecular
trade of proteins and plasmids has a donor to recipient direction-
ality that is largely dependent on production of YmdB by
the donor. Interestingly, mutating a single residue within the
conserved YmdB metal binding active site (Shin et al., 2008) re-
sulted in a deficiency in molecular exchange similarly to DymdB
cells (Figure S4B), indicating that YmdB enzymatic activity is
required for the process. Finally, to substantiate the involvement
of YmdB in intercellular molecular exchange, we employed the
cre/loxP recombination system (Marx and Lidstrom, 2002), in
which the donor strain contains a chromosomally integrated
cre gene while the recipient harbors a cassette containing antibi-
otic resistance genes (Figure S4C). When DymdB strains were
employed for this assay, the frequency of resistant colonies
was reduced by approximately 25-fold (Figures S4D and S4E).
To decipher whether the decrease in molecular exchange of
DymdB is a consequence of fewer nanotubes, we examined
nanotube production by themutant. At low cell density, we could
hardly detect nanotubes deriving from the mutant cells (Fig-
ure 5Ba), and consistently their occurrence was reduced when
cells were grouped together (Figure S4Fa). This phenotype
was complemented by the ectopic insertion of the ymdB gene
(Figures 5Bb and S4Fb). Estimating the number of nanotube-
producing cells using EM revealed that 95% of the wild-type
cells harbored nanotubes, whereas less than 5% ofDymdB cells
displayed such structures. Since DymdB cells could serve as re-
cipients for molecular exchange, we investigated whether nano-
tubes can be formed between wild-type and DymdB cells. When
DymdB strain, harboring cytoplasmic GFP, was grown in a
mixture with ymdB strain and subjected to cLM-SEM, GFP pro-
ducers lacked visible nanotubes (Figures 5C, S4G, and S4H,
green arrows), whereas tube generation by ymdB-expressing
cells was evident (Figures 5C, S4G, and S4H, red arrows). How-
ever, when lying in proximity, nanotubes connecting ymdB and
DymdB cells were manifested (Figures 5C and S4H, orange ar-
rows), reinforcing the view that the mutant cells can act as recip-
ients for molecular exchange.
YmdB Localizes to the Cytoplasm, Cell Periphery, and
Nanotubes
To gain insight into YmdB mode of operation, we examined its
subcellular localization. A strain harboring a functional ymdB-
gfp fusion as the sole chromosomal copy exhibited a relatively
weak fluorescence signal that seems diffuse or punctate within
the cell (Figure S5A). Consequently, we employed the super-
resolution technique photoactivated localization microscopy
(PALM) that enables localization of single protein molecules
with resolution down to 20 nm (Betzig et al., 2006). Fusing
YmdB to the photoactivatable fluorescent protein PA-mCherry
(Subach et al., 2009) revealed YmdB-PA-mCherry to preferen-
tially locate to the cell circumference, often concentrated in
foci-like assemblies (Figures 5DAa, 5Dc, and S5B) in a frequencyier Inc.
Figure 5. ymdB Is Required for Nanotube Formation and Molecular
Exchange
(A) Examination of molecular exchange in ymdB mutant strains. The strains
used are: P1 (GD110: amyE::Phyper-spank-cat-spec, pHB201/cat, erm) (Cm
R,
SpecR, MlsR), P2 (SB513: amyE::Phyper-spank-gfp-kan) (Kan
R), P10 (GB69) and
P20 (GB77) strains have the corresponding genotypes and harbor the
DymdB::tet allele. Strains were mixed in a 1:1 ratio (OD600 0.1) at the indicated
combinations (a–d), spotted on LB + isopropyl b-D-1-thiogalactopyranoside
plates, grown for 4 hr at 37C, replica plated onto Cm + Kan antibiotic plates
(first replica plating, protein transfer), and incubated overnight at 37C. Next,
cells grown on Cm + Kan antibiotic plates were re-replica plated onto Cm +
Kan + Lin antibiotic plates (second replica plating, plasmid transfer), and
incubated overnight at 37C. Donor and recipient strains are highlighted in
green and red, respectively. Part of Figure S4A.
(B) Shown are gold-coated HR-SEM images of GB61 (DymdB) (380,000) (a)
and GB115 (DymdB, amyE::Phyper-spank-ymdB) (3100,000) (b). Cells were
spotted onto EM grids at low density and processed as depicted in Figure 1Aa.
(C) GB168 (DymdB, Dhag, amyE::Phyper-spank-ymdB) and GB121 (DymdB,
Dhag, amyE::PrrnE-gfp) cells were mixed and spotted at low density onto an
ITO-coated gold numbered coverslip. Cells were incubated in LB medium
supplemented with a fluorescent membrane dye. At t = 1 hr, cells were visu-
Developmof approximately one per cell. A similar localization pattern was
seen when YmdB was fused to Dronpa (Ando et al., 2004) (Fig-
ure S5C). Using PALM in two colors (Sherman et al., 2011), we
generated a fusion of Dronpa with the ribosomal subunit RplA;
in this case the fusion protein clearly filled the cytoplasmic space
(Figures 5Db and S5Bb). Consistent with these findings,
biochemical fractionation revealed YmdB to be in the cyto-
plasmic fraction and to associate with the membrane (Figures
S5D and S5E).
Western blot analysis detected an abundance of YmdB in
the nanotube fraction, corroborating the MS data (Figures S5D
and S5E). To demonstrate the direct localization of YmdB to
nanotubes, we developed a correlative PALM-scanning EM
(cPALM-SEM) procedure, aimed at localizing single YmdB mol-
ecules over nanotubes. Indeed, we observed YmdB molecules
that clearly coincided with nanotubes (Figure 5E). In parallel, im-
muno-HR-SEM analysis showed that YmdB-GFP molecules
specifically co-localize with nanotubes (Figures 5F and S5F).
Collectively, the evidence uncovers that YmdB is associated
with the cell periphery and nanotubes.DISCUSSION
We propose that nanotube networks are key elements in the
bacterial capacity to sense, respond, explore the surroundings,
and communicate with their neighbors. When lacking nearby
neighbors, cells produce extensive elongated nanotubes that
greatly increase the cell surface area. Such nanotube networks
may serve to facilitate delivery of distant nutrients and establish
a conduit between remote cells, while short intercellular
nanotubes appear to prevail among adjacent cells. Cryo-EM
analysis evidences that nanotubes emerge from the cytoplasmicalized by LM, fixed, and observed by HR-SEM without coating. Shown are
phase (a), fluorescence (cyan, GFP; yellow, membrane staining) (b), and HR-
SEM (320,000) (c) images of a field of cells. Cells were pseudo-colored cyan
(ymdB mutant) and yellow (ymdB producer) according to (b). Red arrow:
intercellular nanotubes surrounding wild-type cells; green arrow: no visible
intercellular nanotubes surrounding DymdB cells; orange arrow: visible inter-
cellular nanotubes between wild-type and DymdB cells. Scale bars represent
500 nm.
(D) GB195 (Dhag, ymdB-PA-mCherry, rplA-dronpa) cells were grown at 37C
in LB and visualized by PALM. (a) Localization of YmdB-PA-mCherry mole-
cules in a single cell. (b) Localization of both YmdB-PA-mCherry (yellow) and
RplA-Dronpa (cyan) molecules in the cell shown in (a). (c) Localization of
YmdB-PA-mCherry molecules in a chain of cells, as illustrated below. Aster-
isks indicate clusters of YmdB molecules.
(E) GB195 (Dhag, ymdB-PA-mCherry, rplA-dronpa) cells were spotted at low
density onto an ITO-coated gold numbered coverslip, incubated in LB for 1 hr,
fixed, and visualized by PALM and HR-SEMwithout coating. Shown are PALM
image of YmdB-PA-mCherry molecules from cells (a), a corresponding HR-
SEM image (365,000) (b), and an illustration of the cells and nanotube outlines
over PALM image (green dotted lines) (c).
(F) GB117 (DymdB, amyE::Phyper-spank-ymdB-gfp) cells were spotted onto EM
grids at low density and processed as depicted in Figure 1Aa. Cells were
subjected to immuno-gold scanning EM using primary antibodies against GFP
and secondary gold-conjugated antibodies. Samples were not coated before
observation. White dots indicate the localization of YmdB molecules. Shown
are HR-SEM images (3350,000) acquired using TLD-SE (a), and an enlarge-
ment of the boxed region in (a) acquired using vCD (low-kV high-contrast
detector) (b) and TLD-SE (c) modes.
See also Figures S3–S5.
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membrane and cross the thick cell wall layers. We speculate that
peptidoglycan-modifying enzymes trigger nanotube formation
by locally tearing the cell wall. Indeed, several cell wall remodel-
ing enzymes, such as amidases and penicillin-binding proteins,
were enriched in the nanotube fraction (Table S1). Nanotubes
could also utilize this arsenal of enzymes to pave their way and
fuse with neighboring cells. Each nanotube segment may reflect
a single membrane-budding event, with frequent occurrence of
such events promoting nanotube elongation. Nanotubes could
further elongate and even bud to yield free MVs. Environmental
and physiological conditions may affect the balance between
nanotube elongation and MV release.
Recently, the ability of distant bacterial species to exchange
cytoplasmic molecules such as nutrients, metabolites, and
proteins has been demonstrated to take place under starvation
between Acinetobacter baylyi and Escherichia coli, as well as
between Gram-positive and -negative anaerobes. This cross-
feeding phenomenon occurs in a contact-dependent fashion
and relies on the formation of nanotubular structures, implying
that nanotube-associated molecular exchange is prominent in
nature (Benomar et al., 2015; Pande et al., 2015). Additional
membranous extracellular structures were found to serve for
intercellular molecular trade as well as for other physiological
properties. For example, studies in Myxococcus xanthus indi-
cate the existence of intercellular outer MV chains, encompass-
ing outer membrane proteins known to be exchanged among
cells (e.g., Ducret et al., 2013; Remis et al., 2014; Wei et al.,
2014). The Gram-negative Delftia, on the other hand, produces
MV chains termed nanopods in response to a unique carbon
source, suggesting that nanopods are involved in nutrient uptake
(Shetty et al., 2011). Furthermore, nanowires in Shewanella
oneidensis MR-1, utilized for electron transport, were shown to
be composed of outer membrane and periplasmic extensions
(Pirbadian et al., 2014).
The finding that YmdB plays a key role in nanotube formation
and subsequently in molecular exchange raises the question of
how this protein operates. Crystal structure and enzymatic anal-
ysis of YmdB revealed that it harbors a metallophosphodiester-
ase conserved domain, required to hydrolyze cyclic nucleotides
such as cyclic AMP (cAMP) (Diethmaier et al., 2011, 2014).
Notably, cAMP and cyclic diguanosine monophosphate have
been implicated in controlling social activities in microbes by
acting as secondary messengers (e.g., Boyd and O’Toole,
2012; Hengge, 2009). Furthermore, we have recently found
that YmdB is required for proper colony development in a
manner that is dependent on cellular cAMP levels (Mamou
et al., 2016). Hence, we speculate that YmdB, which localizes
to the cell periphery, senses and hydrolyzes cAMP from external
sources, thereby transmitting a message to produce nanotubes.
Furthermore, YmdB localization to nanotubes could serve to
sense neighbors and navigate tube growth toward the detected
stimulus. Such an external signal may also modulate YmdB sub-
cellular localization, creating high local concentrations of protein
molecules, as observed by PALM, that subsequently recruit
additional nanotube machinery components. A recent study
described an overall effect of ymdB on mRNA levels of many
genes, including those involved in motility, biofilm formation,
and sugar utilization (Diethmaier et al., 2014). We suggest that
this global effect could be due to a YmdB sensory function that460 Developmental Cell 36, 453–461, February 22, 2016 ª2016 Elsevaffects cell physiology. YmdB is highly conserved among
Gram-positive and -negative bacteria, implying that it plays a
fundamental role in bacterial physiology in nature.
EXPERIMENTAL PROCEDURES
Bacterial Strains and General Methods
Plasmids, B. subtilis strains, primers, and general methods are described in
Supplemental Experimental Procedures.
Fluorescence Microscopy
For observing nanotube development in real time, exponentially growing cells
were spotted at low density onto an indium tin oxide (ITO)-coated coverslip
(see Supplemental Experimental Procedures) and covered with a dialysis
membrane. The coverslip was then assembled into a mounting frame
(A-7816, Invitrogen) filled with liquid LB supplemented with 1 mg/ml FM4-64
fluorescent membrane dye (Invitrogen), when indicated. Cells were incubated
in a temperature-controlled chamber at 37C and tracked by LM. For time-
course visualization of nanotubes, cells were grown at low density at 37C
with gentle shaking (25 rpm). Samples were removed during mid-logarithmic
phase, pelleted gently (2,000 rpm), spread onto a poly-lysine-coated cover-
slips, and imaged by LM. Cells were visualized by Axio Observer Z1 (Zeiss),
equipped with a CoolSnap HQII camera (Roper Scientific). System control
and image processing were performed with MetaMorph 7.7.5 software
(Molecular Devices).
For TIRF-SIM visualization, cells were incubated as described above. Im-
ages were acquired using a Nikon nSIM microscope equipped with a TIRF
module in 2Dmode. For each super-resolution image, nine images were taken
and examined for presence of grid pattern. The final image was reconstructed
using NIS-Elements software (Nikon).
cLM-SEM-AFM
The procedure for cLM-SEM-AFM visualization is depicted in Figure S2A.
Cells were spotted onto a gold numbered ITO-coated coverslips and pro-
cessed as described for observing nanotube development in real time
(see above). Gold numbers allowed locating the coordinates of a given re-
gion in all three microscopy procedures. When nanotubes were prominent
by LM, liquid medium was removed and the coverslip was washed twice
with PBSx1. Cells were then fixed with 2% glutaraldehyde in sodium caco-
dylate buffer (0.1 M, pH 7.2) for 2 hr at 25C. Next, the dialysis membrane
(molecular weight 12–14 kDa) was gently removed and cells, attached to
coverslips, were washed twice with sodium cacodylate buffer. Coverslips
were further processed as described in the standard scanning EM analysis
(see Supplemental Experimental Procedures). Specimens were imaged
without coating using a Through-Lens Detector operated at Secondary
Electron (TLD-SE) mode by a Magellan XHR scanning electron microscope
(FEI). AFM imaging and measurements were carried out using D3100 Nano-
scope V multimode scanning probe microscope (Bruker). Images were
recorded at ambient conditions using the tapping mode with single FESP
silicon probe tip, having a resolution limit of less than 10 nm, a typical spring
constant of about 3 N/m, and a resonance frequency around 75 kHz. Tap-
ping force was controlled by the ratio between set point amplitude (Asp) and
free-air amplitude (A0).
Additional procedures are described in Supplemental Experimental
Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, two tables, and two movies and can be found with this article on-
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Supplemental Figure Legends 
 
Figure S1. Extending nanotubes are produced at low cell density, Related to Figures 1 
and 2 
(A) PY79 (wild type) cells were spotted onto EM grids at low density, incubated on solid 
LB for 2 hrs at 37ºC and visualized without employing any contrasting agent by whole 
mount high resolution Transmission Electron Microscopy (TEM), as depicted in Figure 
1Aa. Due to the weak contrast only the nanotube outline is visible. Arrows indicate 
extending nanotubular networks emanating from a single cell (x30,000). 
(B) GD215 (Δhag::erm) cells were spotted onto EM grids at low density, incubated on 
solid LB for 2 hrs at 37ºC and visualized by HR-SEM (x25,000), as depicted in Figure 
1Aa. 
(C) GD215 (Δhag::erm) cells were spotted onto an ITO-coated cover slip covered with a 
dialysis membrane and incubated in LB medium supplemented with a fluorescent 
membrane dye. Shown are fluorescence images captured at t=0 (a) and t=60 (b) min of 
incubation, indicating that the cells grew normally under these conditions. Scale bar 
represents 1 µm. 
(D) GD215 (Δhag::erm) cells were spotted at low density onto an ITO-coated cover slip 
and covered with a dialysis membrane. Cells were incubated at 37ºC in LB supplemented 
with a fluorescent membrane dye and SYTOX Green and visualized by LM. Shown are 
fluorescence signal from membrane (a, a'), fluorescence signal from SYTOX Green (b, 
b'), and an overlay of (a, a', yellow) and (b, b' cyan) (c, c'). Images were captured at t=0 (a-
c) and t=30 (a'-c') min of incubation. Cells remained intact during this time as indicated by 
the faint SYTOX staining. Arrows indicate nanotube formation. As a control, exponential 
growing cells were stained with SYTOX Green before (d, d') and after kanamycin addition 
(e, e'). Shown are fluorescence signal from SYTOX Green (d, e), and an overlay of 
SYTOX Green (cyan) and fluorescence signal from membrane (yellow) (d', e'). Scale bars 
represent 0.5 µm. 
(E) GD215 (Δhag::erm) cells were incubated at 37ºC in LB medium supplemented with a 
fluorescent membrane dye and WGA-FITC and visualized by LM. Shown are phase 
contrast (a), fluorescence signal from membrane (b), fluorescence signal from WGA-FITC 
(c), and an overlay of (b) (yellow) and (c) (cyan) (d). Arrows indicate membrane stained 
nanotubes. Scale bar represents 0.5 µm. 
(F) GD215 (Δhag::erm) cells were grown and processed as in (A) and observed by TIRF-
SIM. (a) Fluorescence image of a field of cells. (b) Fluorescence image of the field shown 
in (a) observed by TIRF-SIM. (c) An overlay of (a) (cyan) and (b) (yellow). Scale bars 
represent 0.5 µm. 
 
Figure S2. Nanotube dynamics and architecture, Related to Figures 2 and 3.  
(A) Schematic diagram depicting the procedure for observing nanotubes using cLM-SEM-
AFM. Left side cartoon shows the components employed in assembling the cell incubation 
chamber used for cLM-SEM-AFM: (I) and (IV) incubation chamber metal rings, (II) 
dialysis membrane and (III) indium tin oxide (ITO)-coated gold numbered cover slip. 
Exponentially growing cells are spotted at low density onto conductive ITO-coated gold 
numbered cover slip and covered with DM. Cells are incubated in LB medium containing a 
fluorescent membrane dye in a temperature controlled chamber and followed by LM. 
Under these conditions, generation time was approximately 20 minutes, and the cells grew 
without any obvious perturbations. When nanotubes are prominent, cells are fixed and 
visualized by SEM and then by AFM without coating. Gold numbers allow allocating the 
coordination of observed region by LM and subsequently by EM and AFM. Of note some 
movement in cell and nanotube positions might occur before and during sample 
processing. 
(B) GD215 (Δhag::erm) cells were spotted at low density onto an ITO-coated cover slip 
and covered with a dialysis membrane. Cells were incubated at 37ºC in LB supplemented 
with a fluorescent membrane dye in a temperature controlled chamber and visualized by 
LM. Shown are fluorescence images captured at t=0 (a), t=20 (b), and t=35 (c) min of 
incubation. Cells were imaged off focus to improve nanotube visualization. Arrows 
indicate the tip of a nanotube before (b) and after (c) fusion to a neighboring cell. Scale bar 
represents 0.5 µm.  
(C) Calculation of length (red) and surface area (blue) of nanotubes formed by cells shown 
in Figure 2D over time. Nanotubes were assumed as circular cylinders, as indicated. 
Nanotube length (l) was measured using MetaMorph (version 7.7.5) and their radius (r) 
was estimated to be 25 nm (50 nm was the average tube diameter, as measured from cryo-
EM and HR-SEM images). B. subtilis cell was considered as a circular cylinder capped 
with equal and symmetrical hemispherical ends, as indicated (dashed line). The length (l) 
and radius (r) of a typical bacterium was considered as 2 and 0.25 µm, respectively. 
(D) GD215 (Δhag::erm) cells were grown at 37ºC in LB supplemented with calcein-AM 
and visualized by LM. Shown are fluorescence image of cells exhibiting calcein labeled 
nanotubes. Cells were overexposed to detect the signal emanating from nanotubes. Arrows 
indicate nanotubes. Scale bars represent 0.5 µm.  
(E) PY79 (wild type) cells were spotted at low density onto an ITO-coated gold numbered 
cover slip and covered with a dialysis membrane. Cells were incubated at 37ºC in LB 
supplemented with a fluorescent membrane dye in a temperature controlled chamber and 
visualized by LM. 40 min post incubation, when nanotubes were prominent, cells were 
fixed and visualized as described in (A). (a) HR-SEM image (x10,000) without coating of 
a field of cells. (b) AFM image of the boxed region shown in (a). This region is part of the 
field of cells shown in Figure 3A. 
(F) PY79 (wild type) cells were grown and processed as in (E). (a) Phase contrast image of 
a field of cells. (b) Fluorescence image of the field shown in (a). (c) SEM image (x10,000) 
without coating of a boxed region shown in (b). (d) AFM image of the field shown in (c). 
This region is part of the field of cells shown in Figure 3A. 
 
Figure S3. Searching for mutants affecting intercellular molecular trade, Related to 
Figure 5 
(A) Nanotubes were extracted from exponentially growing GB168 (ΔymdB::tet, 
amyE::Phyper-spank-ymdB-spec, Δhag::erm) cells as described in Supplemental Experimental 
Procedures. Shown are a membrane stained fluorescent image (a) and negative stained 
TEM image (b) of the nanotube fraction. Structures corresponding to nanotubes are visible 
by both methods.  
(B) GD379 (ΔtasA::spec) cells were spotted onto EM grids at low density, incubated on 
solid LB for 3 hrs at 37ºC and visualized by HR-SEM (x15,000), as depicted in Figure 
1Aa. 
(C) GD278 (ΔtasA::spec, hag::erm) cells were spotted at low density onto an ITO-coated 
gold numbered cover slip and covered with a dialysis membrane. Cells were subsequently 
fixed and visualized by AFM. Arrows indicate cells and nanotubes (NT). 
(D) Screening for mutants deficient in molecular exchange. Pairs of a donor (GD110: 
amyE::Phyper-spank-cat-spec, pHB201/cat, erm) (CmR, SpecR, MlsR) and a recipient (SB513: 
amyE::Phyper-spank-gfp-kan) (KanR) strains, containing an identical null mutation for the 
indicated gene, were mixed in 1:1 ratio (OD600 0.1) and spotted onto LB+IPTG plates. Cells 
were grown for 4 hrs at 37ºC, replica plated onto Cm+Kan antibiotic plates (1st replica 
plating, protein transfer) and incubated O/N at 37ºC. Next, cells grown on Cm+Kan 
antibiotic plates were re-replica plated onto Cm+Kan+Lin antibiotic plates (2nd replica 
plating, plasmid transfer), and incubated O/N at 37ºC. Strains used for this screen are listed 
in Tables S1 and in the Table of Strains (Supplemental Experimental Procedures). Red 
frame: ΔymdB, showing deficiency in molecular exchange. Of note, spots were assembled 
into a single image from different plates.  
(E) P1 donor (GD110: amyE::Phyper-spank-cat-spec, pHB201/cat, erm) (CmR, SpecR, MlsR) 
and a P2 recipient (SB513: amyE::Phyper-spank-gfp-kan) (KanR) strains, or recipients having 
the corresponding P2 genotypes but containing mutations for the indicated genes (P2': 
Δspo0A, P2'': ΔcomK) , were mixed in 1:1 ratio and incubated in LB+IPTG with gentle 
shaking for 4 hr at 37ºC. Equal numbers of cells were spotted onto Cm+Kan+Lin antibiotic 
plate and incubated O/N at 37ºC to test the frequency of plasmid exchange. The frequency 
of triply resistant colonies in the recipients was similar for all strains. 
(F) P1 (GD110: amyE::Phyper-spank-cat-spec, pHB201/cat, erm) (CmR, SpecR, MlsR) and P2 
(SB513: amyE::Phyper-spank-gfp-kan) (KanR) strains, and P1' (GD393) and P2' (GD386) 
having the corresponding genotypes but harboring the ΔtasA::spec allele, were mixed and 
spotted on LB agar. Cells were grown for 4 hr at 37ºC. Grown cells were replica plated (1st 
replica plating, protein transfer) onto Cm+Kan selective plate and incubated O/N at 37ºC. 
Next, cells growing on Cm+Kan antibiotic plate were re-replica plated (2nd replica plating, 
plasmid transfer) onto Cm+Kan+Lin antibiotic and LB plates and incubated O/N at 37ºC. 
No significant effect on molecular exchange was detected.  
(G) P1 (GD110: amyE::Phyper-spank-cat-spec, pHB201/cat, erm) (CmR, SpecR, ErmR) and P2 
(SB513: amyE::Phyper-spank-gfp-kan) (KanR) strains, and P1' (GD433) and P2' (GD426) 
having the corresponding genotypes to P1 and P2 but harboring ΔsinR::spec allele, were 
grown and processed as described in (F). No significant effect on molecular exchange was 
detected.  
(H) Screening for biofilm related mutants deficient in molecular exchange. Pairs of strains 
SB463 (amyE::Phyper-spank-cat-spec) (CmR, SpecR) and SB513 (amyE::Phyper-spank-gfp-kan) 
(KanR), containing null mutations for the indicated genes, were mixed in 1:1 ratio and 
spotted onto LB+IPTG plates. Cells were grown for 4 hrs at 37ºC, replica plated onto 
Cm+Kan antibiotic plates, and incubated O/N at 37ºC. Strains used for this screen are 
listed in Supplemental Table S2. Of note, spots were assembled into a single image from 
different plates. No deficiency in molecular exchange was observed.  
 
Figure S4. YmdB is required for nanotube formation and intercellular molecular 
trade, Related to Figure 5 
(A) Examination of the transfer of antibiotic resistance proteins and non-conjugative 
plasmid in ymdB mutant strains. The strains used are: P1 (GD110: amyE::Phyper-spank-cat-
spec, pHB201/cat, erm) (CmR, SpecR, MlsR), P2 (SB513: amyE::Phyper-spank-gfp-kan) 
(KanR), P1' (GB69) and P2' (GB77) strains have the corresponding genotypes and harbor 
the ΔymdB::tet allele. Strains were mixed at the indicated combinations (a-d) in 1:1 ratio 
and spotted at the OD600=1 and OD600=0.1 concentrations on LB+IPTG plates. Cells were 
grown for 2 and 4 hrs at 37ºC and replica plated onto Cm+Kan antibiotic plates (1st replica 
plating, protein transfer) and incubated O/N at 37ºC. Next, cells growing on Cm+Kan 
antibiotic plates were re-replica plated onto Cm+Kan+Lin antibiotic plates (2nd replica 
plating, plasmid transfer) and incubated O/N at 37ºC. Donor and recipient strains are 
highlighted in green and red respectively. 
(B) Equal numbers of cells from P1 (GD110: amyE::Phyper-spank-cat-spec, pHB201/cat, erm) 
(CmR, SpecR, MlsR), P2 (SB513: amyE::Phyper-spank-gfp-kan) (KanR), and P1' (GB127) and 
P2' (GB128) strains having the corresponding genotypes but harboring the YmdB(D8A) 
allele, were mixed and spotted on LB agar and processed as described in (A).   
(C) A schematic model for the cre-loxP recombination system for observing intercellular 
molecular exchange. Shown are two B. subtilis cells, a donor strain (P1) containing a 
chromosomally integrated cre gene under IPTG inducible promoter, and a recipient strain 
(P2) harboring a cassette containing erythromycin resistance gene (erm) bordered by loxP 
repeats an upstream promoter (PrpsB) and a downstream kanamycin resistance gene (kan) 
lacking a promoter.  
(D) Intercellular protein exchange is dependent on YmdB, as exemplified by the cre-loxP 
system. The strains used are: P1 (GB4: amyE::Phyper-spank-cre-spec) (SpecR), P2 (GB19: 
amyE::PrpsB-loxP-erm-loxP-kan) (MlsR, KanS), P1' (GB262) (∆ymdB::tet, amyE::Phyper-
spank-cre-spec) (SpecR). Strains were mixed in a 1:1 ratio (OD600 0.1), and incubated in 
LB+IPTG at low shaking. Cells were grown for 4 hrs at 37ºC, spotted on the respective 
antibiotic plates and incubated O/N at 37ºC. As calculated from several repeats, the 
number of KanR colonies was approximately 2.5x10-7 in the wild type mixture and 1x10-8 
for the ∆ymdB (for more details, see Supplemental Experimental Procedures). 
(E) A cre-loxP assay examining the transfer of Cre protein. To analyze the genotype of the 
colonies grown on Kan antibiotic plates (e.g.; Figure S4D), resistant colonies were picked, 
streaked on LB plates, and strains P1 and P2 (Figure S4C) were streaked as controls. Plates 
were incubated O/N at 37ºC (a), and replica plated into the indicated antibiotic plates (b). 
The vast majority of the colonies were KanR MlsS SpecS. (The infrequent appearance of 
KanR MlsS SpecR colonies is likely to be due to mixed strains that were patched on the first 
LB non selective plate). 
(F) GB61 (ΔymdB::tet) (a) and GB115 (ΔymdB::tet, amyE::Phyper-spank-ymdB-spec) (b) cells 
were spotted onto EM grids, incubated on LB agar for 3 hrs at 37ºC and visualized by gold 
coated HR-SEM (x25,000), as depicted in Figure 1Ab.  
(G-H) GB168 (Δhag::erm, ΔymdB::tet, amyE::Phyper-spank-ymdB-spec) and GB121 
(Δhag::erm, ΔymdB::tet, amyE::PrrnE-gfp-spec) cells were mixed and spotted at low density 
onto an ITO-coated gold numbered cover slip and covered with a dialysis membrane. Cells 
were incubated for 1 hr at 37ºC in LB+IPTG medium supplemented with a fluorescent 
membrane dye in a temperature controlled chamber and visualized by LM. Subsequently, 
cells were fixed and visualized by HR-SEM without coating. (a) Phase contrast image of a 
field of cells before fixation. (b) Overlay image of fluorescence from the field shown in 
(a). Fluorescence GFP is shown in cyan (ymdB mutant) and fluorescence from membrane 
staining in yellow. (c) HR-SEM image of the corresponding field shown in (a, b) (Gc 
x6.500, Hc x12,000). Cells were pseudo-colored cyan (ymdB mutant) and yellow (ymdB 
producer) according to (b). Red arrows: intercellular nanotubes surrounding wild type 
cells; green arrows: no visible intercellular nanotubes surrounding ΔymdB cells; orange 
arrows: visible intercellular nanotubes between wild type and ΔymdB cells.  
 
Figure S5. YmdB is localized to membrane and nanotubes, Related to Figure 5 
(A) GB113 (ymdB-gfp-spec) cells were diluted to low density in LB, incubated at 37ºC for 
2 hrs and visualized by LM. Shown is a phase contrast image of a field of cells (a) and the 
corresponding fluorescence image (b). A weak fluorescence signal was obtained.  
(B) GB195 (Δhag::erm, ymdB-PA-mCherry-kan, rplA-dronpa-spec) cells were grown at 
37ºC in LB and visualized by PALM. (a) Localization of YmdB-PA-mCherry molecules in 
a field of cells. (b) Localization of both YmdB-PA-mCherry and RplA-Dronpa molecules 
in the field shown in (a). Asterisks indicate clusters of YmdB molecules.  
(C) GB193 (Δhag::erm, ymdB-dronpa-kan) cells were grown at 37ºC in LB medium and 
visualized by PALM. (a) Localization of YmdB-Dronpa molecules in a field of cells. 
Asterisks indicate clusters of YmdB molecules. Image was processed using ImageJ to 
highlight the clusters.  
(D) Western blot analysis of subcellular fractions of exponentially growing: GB117a 
(ΔymdB::tet, amyE::Phyper-spank-ymdB-gfp-kan-spec, Δhag::erm), AR5 (rplA-gfp-spec), 
BDR524 (amyE::PxylA-spoIVFB-gfp-cat) and GD215 (Δhag::erm). Equal amounts of 
proteins for each fraction were loaded onto SDS-PAGE and immunoblot analysis using 
anti-GFP antibodies was performed. C, Cytoplasmic fraction; M, Membrane fraction; N, 
Nanotube fraction. 
(E) Western blot analysis of subcellular fractions of exponentially growing: GB168 
(ΔymdB::tet, amyE::Phyper-spank-ymdB-spec, Δhag::erm) and GB111 (ΔymdB::tet, 
Δhag::erm). Equal amounts of proteins for each fraction were loaded onto SDS-PAGE and 
immunoblot analysis using polyclonal anti-YmdB antibodies was performed. C, 
Cytoplasmic fraction; M, Membrane fraction; N, Nanotube fraction. 
(F) PY79 (wild type) cells were processed as described in Figure 5F, without the addition 
of primary anti-GFP antibodies. Cells were subjected to immuno-gold SEM using anti-
rabbit gold-conjugated antibodies. Shown are HR-SEM images (x50,000) acquired using 
TLD-SE (a) and vCD (b) modes. Samples were not coated before observation. No signal 
from the gold-conjugated antibodies was detected.  
 
Supplemental Tables 
Table S1. A list of proteins identified by mass spectrometry, Related to Figure 5  
Proteins Function 
Metabolism  
AmyE α-Amylase 
BglA Aryl-phospho-beta-D-glucosidase 
BglH Aryl-phospho-beta-D-glucosidase 
Eno Enolase 
GapA Glyceraldehyde-3-phosphate dehydrogenase 
GlaP Aerobic glycerol-3-phosphate dehydrogenase 
GlpQ Glycerophosphoryl diester phosphodiesterase 
OdhA 2-oxoglutarate dehydrogenase E1 component 
PdhA Pyruvate dehydrogenase E1 component subunit alpha 
PdhC Dihydrolipoyllysine-residue acetyltransferase component  
PdhD Pyruvate dehydrogenase E3 component subunit alpha 
PtsI Phosphoenolpyruvate-protein phosphotransferase 
Biofilm formation  
*YmdB  Putative metallo-phosphodiesterase 
TasA Spore coat associated and biofilm matrix 
Protein folding and detoxification  
DnaK Chaperone 
GroEL Chaperone 
KatE Catalase 
SodA Superoxide dismutase 
Cell Wall, transport and membrane bound  
BipA GTP-binding protein 
CwlO Peptidoglycan DL-endopeptidase 
HtrA Membrane bound serine protease 
LytB Amidase enhancer 
LytC N-acetylmuramoyl-L-alanine amidase 
LytD N-acetylglucosaminidase (major autolysin) 
MntA Manganese-binding protein 
OppA Oligopeptide-binding protein 
PbpA Penicillin-binding protein 1A 
PbpC Penicillin-binding protein 3 
PenP β-Lactamase precursor 
WapA Cell wall associated precursor 
WprA Cell wall associated precursor 
Phage-related  
XepA Phage-like element PBSX  
XkdG Phage-capsid like element PBSX  
XkdK Phage-tail sheath like element PBSX  
XkdM Phage-tail like element PBSX  
XkdV Phage-tail like element PBSX  
XlyA N-acetylmuramoyl-L-alanine amidase 
Motility and chemotaxis 
FlgK Flagellar hook-associated protein 1 
FlgL Flagellar hook-associated protein 3 
FliD Flagellar hook-associated protein 2 
Uncharacterized Proteins 
*YbfG Putative pepdidoglycan binding protein 
*YcsE Putative phosphatase 
*YdhF Putative oxidoreductase 
*YhcB Putative oxidoreductase  
*YjjA Putative uroporphyrinogen-III synthase  
*Genes encoding these selected proteins were screened for protein and plasmid transfer 
(Figure S3D). 
*YndB Putative ATPase  
*YocH Putative exported cell wall binding protein 
*YqgA Putative cell wall binding protein 
*YuaE Putative DinB superfamily protein 
*YukE Putative ESAT-6 family protein 
*YvcE Putative peptidoglycan DL-endopeptidase 
*YweA Putative membrane secretome protein 
*YwoF Putative pectate lyase protein 
*YwsB Putative cell wall binding protein 
Table S2. B. subtilis biofilm mutants examined for effect on molecular exchange, 
Related to Figure 5 
 
Gene  Cellular function  
yveQ  Biofilm formation: exopolysaccharide synthesis (Branda et al., 2001)  
yveR  Biofilm formation: exopolysaccharide synthesis (Branda et al., 2001) 
yxqM Biofilm formation: TasA anchoring/assembly protein (Driks, 2011) 
sinI Control Biofilm formation, antagonist of SinR (Newman et al., 2013) 
sinR Control Biofilm formation, antagonist of SinI (Newman et al., 2013) 
slrR Initiation of Biofilm formation (Newman et al., 2013) 
yuaB Biofilm surface layer, control of entry into sporulation via the phosphorelay 
(Nicolas et al., 2012) 
Movies S1-S2. Observing the dynamic of nanotubes in living cells, related to Figure 2. 
Exponentially growing GD215 (Δhag::erm) cells were spotted at low density onto an ITO-
coated cover slip and covered with a dialysis membrane. Cells were incubated at 37ºC in 
LB medium supplemented with a fluorescent membrane dye in a temperature controlled 
chamber and visualized by LM. Images were acquired every 700 msec in a course of 55 
sec. 
Movie S1. Shown are captured fluorescence images of an extending intercellular nanotube 
(approximately 15 µm in length) connecting distant cells. Scale bar 0.5 µm. 
 
Movie S2. Shown are captured fluorescence images of a field of cells displaying 
intercellular and extending nanotubes. Scale bar 0.5 µm. 
Supplementary Experimental Procedures 
 
List of plasmids used in this study 
Plasmid Genotype Description 
pDG364 amyE::cat (Karmazyn-Campelli et al., 1992) 
pDG1730 amyE::spec (Guerout-Fleury et al., 1996) 
pMM41 PrpsB (Meyerovich et al., 2010) 
pDR111 amyE::Phyper-spank-spc A gift from D. Rudner, Harvard U 
pHB201 erm, cat (Bron et al., 1998) 
pKL147 spc-gfp (Lemon and Grossman, 1998) 
pKL168 kan-gfp (Lemon and Grossman, 1998) 
pMAD ermC, bla, bga (Arnaud et al., 2004) 
pDR244 Cre, spec A gift from D. Rudner, Harvard U 
pAR4 rplA-gfp-spec (Rosenberg et al., 2012) 
pAR16 amyE::PrrnE- gfp-spec (Rosenberg et al., 2012) 
pQE-32 6xHis-tag (Qiagen) 
pActin-
Dronpa 
dronpa E. Sherman (HUJI) laboratory stock 
pActin-PA-
mCherry 
PA-mCherry E. Sherman (HUJI) laboratory stock 
pGB1 amyE::Phyper-spank-cre-spec Constructed by amplifying the cre ORF from plasmid pDR244, 
using primers cre-U-HindIII and cre-L-SphI. The PCR-
amplified DNA was digested with HindIII and SphI and was 
cloned into pDR111 digested with the same enzymes. 
pGB4 amyE::PrpsB-loxP-erm-loxP Constructed by amplifying the erm ORF from pDG1730, using 
primers loxP-erm-U-HindIII and loxP-erm-L-EcoRI. The PCR-
amplified DNA was digested with HindIII and EcoRI and was 
cloned into pMM41 digested with the same enzymes. 
pGB5 PrpsB-loxP-erm-loxP-kan Constructed by amplifying the kan ORF from plasmid 
pKL168, using primers Kan-U-EcoRI and Kan-L-StuI. The 
PCR-amplified DNA was digested with EcoRI and StuI and 
was cloned into pGB4 digested with EcoRI and EcoRV. 
pGB10 ymdB-gfp-spec Constructed by amplifying the 3' region of ymdB from genomic 
DNA of wild type B. subtilis strain (PY79), using primers 
ymdB-U-EcoRI and ymdB-L-XhoI. The PCR-amplified DNA 
was digested with EcoRI and XhoI and was cloned into 
pKL147 digested with the same enzymes. 
pGB11 amyE::Phyper-spank-ymdB-
spec 
Constructed by amplifying the ymdB ORF from genomic DNA 
of wild type B. subtilis strain (PY79), using primers ymdB-U-
HindIII and ymdB-L-SphI. The PCR-amplified DNA was 
digested with HindIII and SphI and was cloned into pDR111 
digested with the same enzymes. 
pGB13 ymdB-gfp-kan Constructed by amplifying the 3' region of ymdB from genomic 
DNA of wild type B. subtilis strain (PY79), using primers 
ymdB-U-EcoRI and ymdB-L-XhoI. The PCR-amplified DNA 
was digested with EcoRI and XhoI and was cloned into 
pKL168 digested with the same enzymes. 
pGB14 amyE::ymdB-cat Constructed by amplifying the ymdB gene, including the native 
promoter region, from genomic DNA of wild type B subtilis 
strain (PY79), using primers ymdB-U-BamHI and ymdB-L-
EcoRI. The PCR-amplified DNA was digested with BamHI 
and EcoRI and was cloned into pDG364 digested with the 
same enzymes. 
pGB15 ymdB-erm Constructed by amplifying the ymdB ORF genomic DNA from 
PY79, using primers ymdB-SDM-U-BamHI and ymdB-SDM-L-
HindIII. The PCR-amplified DNA was digested with BamHI 
and HindIII and was cloned into pMAD digested with the same 
enzymes. 
pGB16 ymdBD8A-erm Constructed by amplifying the ymdB ORF from pGB15, using 
primers ymdB-SDM8-U and ymdB-SDM8-L followed by DpnI 
treatment for 1 hr to digest the methylated DNA template. 
Insert was sequenced to confirm the presence of the mutation. 
pGB27 rplA-dronpa-spec Constructed by amplifying the dronpa ORF from pActin-
Dronpa, using primers PA-dronpa-XhoI-U and PA-dronpa-
SphI-L. The PCR-amplified DNA was digested with XhoI and 
SphI and was cloned into pAR5 digested with the same 
enzymes. 
pGB30 ymdB-dronpa-kan Constructed by amplifying the dronpa ORF from pActin-
Dronpa, using primers PA-dronpa-XhoI-U and PA-dronpa-
SphI-L. The PCR-amplified DNA was digested with XhoI and 
SphI and was cloned into pGB13 digested with the same 
enzymes. 
pGB31 ymdB-PA-mCherry-kan Constructed by amplifying the PA-mCherry ORF from pActin-
PA-mCherry, using primers PA-mCherry-XhoI-U and PA-
mCherry-SphI-L. The PCR-amplified DNA was digested with 
XhoI and SphI and was cloned into pGB13 digested with the 
same enzymes. 
pGB33 ymdB-His Constructed by amplifying the ymdB ORF genomic DNA from 
PY79, using primers ymdB-BamHI-U and ymdB-HindIII-L. 
The PCR-amplified DNA was digested with BamHI and 
HindIII and was cloned into pQE-32 digested with the same 
enzymes. 
 
List of B. subtilis strains used in this study 
Strain 
Name Genotype Comments 
PY79  wild type (Youngman et al., 1984) 
SB444 amyE::Phyper-spank-gfp-spec (Meyerovich et al., 2010) 
BDR524  amyE::PxylA-spoIVFB-gfp-cat  (Rudner et al., 2002) 
SB463 amyE::Phyper-spank-cat-spec (Dubey and Ben-Yehuda, 2011) 
SB513 amyE::Phyper-spank-gfp-kan (Dubey and Ben-Yehuda, 2011) 
GD110 amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
(Dubey and Ben-Yehuda, 2011) 
SB-G6 yveQ::tet (Branda et al., 2001) 
SB-G7 yveR::tet (Branda et al., 2001) 
DS87 sinR::spec A gift from Daniel B. Kearns, Indiana U 
AR5 rplA-gfp-spec (Rosenberg et al., 2012) 
AR16 amyE::PrrnE- gfp-spec (Rosenberg et al., 2012) 
GD29  yveQ::tet, amyE::Phyper-spank-cat-
spec,  
(Dubey and Ben-Yehuda, 2011) 
GD30  yveQ::tet, amyE::Phyper-spank-gfp-
kan,  
(Dubey and Ben-Yehuda, 2011) 
GD31  yveR::tet, amyE::Phyper-spank-cat-
spec,  
(Dubey and Ben-Yehuda, 2011) 
GD32  yveR::tet, amyE::Phyper-spank-gfp-
kan,  
(Dubey and Ben-Yehuda, 2011) 
GD215 hag::erm * 
GD278 ΔtasA::spec, hag::erm GD215 was transformed with genomic DNA isolated from GD379 
GD379 tasA::spec * 
GD385  tasA::spec, amyE::Phyper-spank-cat-spec GD379 was transformed with genomic DNA isolated from 
SB463 
GD386 tasA::spec, amyE::Phyper-spank-gfp-kan GD379 was transformed with genomic DNA isolated from 
SB513 
GD393 tasA::spec, amyE::Phyper-spank-cat-spec, 
erm, cat, pHB201/cat, erm 
GD385 was transformed with pHB201 
GD420 sinI::spec * 
GD421 sinR::spec PY79 was transformed with genomic DNA isolated from DS87 
GD424 slrR::tet * 
GD426 sinR::spec, amyE::Phyper-spank-gfp-kan GD421 was transformed with genomic DNA isolated from 
SB513 
GD428 sinI::spec, amyE::Phyper-spank-gfp-kan GD420 was transformed with genomic DNA isolated from 
SB513 
GD429 slrR::tet, amyE::Phyper-spank-gfp-kan GD424 was transformed with genomic DNA isolated from 
SB513 
GD433 sinR::spec, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GD421 was transformed with genomic DNA isolated from 
SB463 
GD432 sinI::spec, amyE::Phyper-spank-cat-spec, 
pHB201/erm, cat 
GD420 was transformed with genomic DNA isolated from 
SB463 
GB4 amyE::Phyper-spank-cre-spec PY79 was transformed with pGB4 
GB19 amyE::PrpsB-loxP-erm-loxP-kan PY79 was transformed with pGB6 
GB55 yukE::tet * 
GB56 yhcB::tet * 
GB57 ycsE::tet * 
GB60 yqgA::tet * 
GB61 ymdB::tet * 
GB62 yjjA::tet * 
GB84 yuaE::tet * 
GB85 ywsB::tet * 
GB86 yocH::tet * 
GB87 ywoF::tet * 
GB88 ybfG::tet * 
GB89 yndB::tet * 
GB90 yvcE::spec * 
GB91 ydhF::spec * 
GB92 yweA::spec * 
GB63a yukE::tet, amyE::Phyper-spank-cat-spec GB55 was transformed with genomic DNA isolated from 
SB463 
GB64a yhcB::tet, amyE::Phyper-spank-cat-spec GB56 was transformed with genomic DNA isolated from 
SB463 
GB65a ycsE::tet, amyE::Phyper-spank-cat-spec GB57 was transformed with genomic DNA isolated from 
SB463 
GB68a yqgA::tet, amyE::Phyper-spank-cat-spec GB60 was transformed with genomic DNA isolated from 
SB463 
GB69a ymdB::tet, amyE::Phyper-spank-cat-spec GB61 was transformed with genomic DNA isolated from SB463 
GB70a yjjA::tet, amyE::Phyper-spank-cat-spec GB62 was transformed with genomic DNA isolated from 
SB463 
GB93a yuaE::tet, amyE::Phyper-spank-cat-spec GB84 was transformed with genomic DNA isolated from 
SB463 
GB94a ywsB::tet, amyE::Phyper-spank-cat-spec GB85 was transformed with genomic DNA isolated from 
SB463 
GB95a yocH::tet, amyE::Phyper-spank-cat-spec GB86 was transformed with genomic DNA isolated from 
SB463 
GB96a ywoF::tet, amyE::Phyper-spank-cat-spec GB87 was transformed with genomic DNA isolated from 
SB463 
GB97a ybfG::tet, amyE::Phyper-spank-cat-spec GB88 was transformed with genomic DNA isolated from 
SB463 
GB98a yndB::tet, amyE::Phyper-spank-cat-spec GB89 was transformed with genomic DNA isolated from 
SB463 
GB99a yvcE::spec, amyE::Phyper-spank-cat-spec GB90 was transformed with genomic DNA isolated from 
SB463 
GB100a ydhF::spec, amyE::Phyper-spank-cat-spec GB91 was transformed with genomic DNA isolated from 
SB463 
GB101a yweA::spec, amyE::Phyper-spank-cat-spec GB92 was transformed with genomic DNA isolated from 
SB463 
GB63 yukE::tet, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB63a was transformed with pHB201 
GB64 yhcB::tet, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB64a was transformed with pHB201 
GB65 ycsE::tet, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB65a was transformed with pHB201 
GB68 yqgA::tet, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB68a was transformed with pHB201 
GB69 ymdB::tet, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB69a was transformed with pHB201 
GB70 yjjA::tet, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB70a was transformed with pHB201 
GB93 yuaE::tet, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB93a was transformed with pHB201 
GB94 ywsB::tet, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB94a was transformed with pHB201 
GB95 yocH::tet, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB95a was transformed with pHB201 
GB96 ywoF::tet, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB96a was transformed with pHB201 
GB97 ybfG::tet, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB97a was transformed with pHB201 
GB98 yndB::tet, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB98a was transformed with pHB201 
GB99 yvcE::spec, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB99a was transformed with pHB201 
GB100 ydhF::spec, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB100a was transformed with pHB201 
GB101 yweA::spec, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB101a was transformed with pHB201 
GB71 yukE::tet, amyE::Phyper-spank-gfp-kan GB55 was transformed with genomic DNA isolated from 
SB513 
GB72 yhcB::tet, amyE::Phyper-spank-gfp-kan GB56 was transformed with genomic DNA isolated from 
SB513 
GB73 ycsE::tet, amyE::Phyper-spank-gfp-kan GB57 was transformed with genomic DNA isolated from 
SB513  
GB76 yqgA::tet, amyE::Phyper-spank-gfp-kan GB60 was transformed with genomic DNA isolated from 
SB513 
GB77 ymdB::tet, amyE::Phyper-spank-gfp-kan GB61 was transformed with genomic DNA isolated from SB513 
GB78 yjjA::tet, amyE::Phyper-spank-gfp-kan GB62 was transformed with genomic DNA isolated from 
SB513 
GB102 yuaE::tet, amyE::Phyper-spank-gfp-kan GB84 was transformed with genomic DNA isolated from 
SB513 
GB103 ywsB::tet, amyE::Phyper-spank-gfp-kan GB85 was transformed with genomic DNA isolated from 
SB513 
GB104 yocH::tet, amyE::Phyper-spank-gfp-kan GB86 was transformed with genomic DNA isolated from 
SB513 
GB105 ywoF::tet, amyE::Phyper-spank-gfp-kan GB87 was transformed with genomic DNA isolated from 
SB513 
GB106 ybfG::tet, amyE::Phyper-spank-gfp-kan GB88 was transformed with genomic DNA isolated from 
SB513 
GB107 yndB::tet, amyE::Phyper-spank-gfp-kan GB89 was transformed with genomic DNA isolated from 
SB513 
GB108 yvcE::spec, amyE::Phyper-spank-gfp-kan GB90 was transformed with genomic DNA isolated from 
SB513 
GB109 ydhF::spec, amyE::Phyper-spank-gfp-kan GB91 was transformed with genomic DNA isolated from 
SB513 
GB110 yweA::spec, amyE::Phyper-spank-gfp-kan GB92 was transformed with genomic DNA isolated from 
SB513 
GB111 ymdB::tet, hag::erm GB61 was transformed with genomic DNA isolated from 
GD215 
GB113 ymdB-gfp-spec PY79 was transformed with pGB10 
GB115 ymdB::tet, amyE::Phyper-spank-ymdB-spec GB61 was transformed with pGB11 
GB117 ymdB::tet, amyE::Phyper-spank-ymdB-gfp-
kan-spec 
GB115 was transformed with pGB13 
GB117a ymdB::tet, amyE::Phyper-spank-ymdB-gfp-
kan-spec, hag::erm 
GB117 was transformed with genomic DNA isolated from 
GD215  
GB119 ymdB::tet, amyE::ymdB-cat GB61 was transformed with pGB14 
GB121 ymdB::tet, hag::erm, amyE::PrrnE- gfp-
spec 
GB111 was transformed with genomic DNA isolated from 
AR16 
GB125  ymdBD8A PY79 was transformed with pGB16. Next, transformants 
were patched and screened for erm sensitivity, indicating 
that the plasmid was popped out. The presence of the 
mutation was confirmed by PCR followed by DNA 
sequencing. 
GB127 ymdBD8A, amyE::Phyper-spank-gfp-kan GB125 was transformed with genomic DNA isolated from 
SB513 
GB128a ymdBD8A, amyE::Phyper-spank-cat-spec, GB125 was transformed with genomic DNA isolated from 
SB463 
GB128 ymdBD8A, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GB128a was transformed with pHB201 
GB168 ymdB::tet, amyE::Phyper-spank-ymdB-
spec, hag::erm 
GB115 was transformed with genomic DNA isolated from 
GD215 
GB183 ymdB-PA-gfp-kan PY79 was transformed with pGB29 
GB184 ymdB-dronpa-kan PY79 was transformed with pGB30 
GB193 ymdB-dronpa-kan, hag::erm GD215 was transformed with pGB30 
GB194 ymdB-PA-mCherry-kan, hag::erm GD215 was transformed with pGB31 
GB195 rplA-dronpa-spec, hag::erm, ymdB-
PA-mCherry-kan,  
GB194 was transformed with pGB27 
GB243 spo0A::tet  * 
GB252 spo0A::tet, amyE::Phyper-spank-gfp-
kan 
SB513 was transformed with genomic DNA isolated from 
GB243 
GB262 ymdB::tet, amyE::Phyper-spank-cre-spec GB61 was transformed with pGB1 
GB264 spo0A::tet, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GD110 was transformed with genomic DNA isolated from 
GB243 
GB265 comK::tet * 
GB266 comK::tet, amyE::Phyper-spank-gfp- GB513 was transformed with genomic DNA isolated from 
kan GB265 
GB267 comK::tet, amyE::Phyper-spank-cat-spec, 
pHB201/cat, erm 
GD110 was transformed with genomic DNA isolated from 
GB265 
GB268 yuaB::tet, amyE::Phyper-spank-gfp-
kan 
GB513 was transformed with genomic DNA isolated from 
SB-F11 
GB267 yuaB::spec, amyE::Phyper-spank-cat-spec, GB463 was transformed with genomic DNA isolated from SB-F11 
GB269 yxqM::spec * 
GB270 yxqM::spec, amyE::Phyper-spank-cat-spec GD269 was transformed with genomic DNA isolated from 
SB463 
GB271 yxqM::spec, amyE::Phyper-spank-gfp-kan GD269 was transformed with genomic DNA isolated from 
SB513 
 
Donor and recipient strains utilized for molecular transfer assays are highlighted in blue 
and red, respectively.  
* For gene replacement strategy, respective primer pairs (P1-P4; Table, primers) were used 
to amplify the flanking genomic regions of a corresponding gene. Next, the PCR products 
were used for Gibson assembly (NEB, USA), together with a respective antibiotic 
resistance gene (Guerout-Fleury et al., 1996). The resultant product was used to transform 
PY79 to obtain the mutant allele. 
 List of primers used in this study 
Primer Name Primer Sequence (5'-3') 
cre-U-HindIII AAACCCAAGCTTAAAGGTGGTGAACTACTATGGCACCCAAGAAGAAGAGG
AAGG 
cre-U-SphI ACCTAGGCATGCCTAATCGCCATCTTGCAGCAGGCG 
kan-U-EcoR1 AAACCCGAATTCATGGCTAAAATGAGAATATCACCG 
kan-U-StuI AGGTAGAGGCCTGCGGCCGCCTAAAACAATTCATCCAGTAAAAT 
loxP-erm-U-HindIII AAACCCAAGCTTAAAGGTGGTGAACTACTATAACTTCGTATAATGTATGCT
ATACGAAGTTATATGAACGAGAAAAATATAAAACACAG 
loxP-erm-U-EcoRI GAATTCATAACTTCGTATAGCATACATTATACGAAGTTATTAATAATAACA
TGCCTTACTTATTAAATAATTTATAGCTATTG 
ymdB-U-EcoRI  AAACCCGAATTCACATATGTGAAAGCAAACGGCAAAG 
ymdB-L-XhoI  ACCTAGCTCGAGTTCAAGAACATGTGATCATCGTTG 
ymdB-U-HinDIII AAACCCAAGCTTAAAGGTGGTGAACTACTATGAGAATTTTATTTATCGGAGATGTTGTC 
ymdB-L-SphI ACCTAGGCATGCTTATTATTATTCAAGAACATGTGATCATCGTTG 
ymdB-U-BamHI AAACCCGGATCCAAAGGTGGTGAACTACTTCAATTAATGATCTTGAGGCTCATCG 
ymdB-L-EcoRI ACCTAGGAATTCTTATTATTATTCAAGAACATGTGATCATCGTTG 
ymdB-SDM-U-BamHI AAACCCGGATCCGTAGAAGGAAGCCACGTTGAGATCGGGG 
ymdB-SDM-L-HindIII TAGTTTAAGCTTCTAAGGAGTTGCTATATTCCTGCTTTTC 
ymdB-SDM8-U GAATTTTATTTATCGGAGCTGTTGTCGGTTCACCGGG 
ymdB-SDM8-L CCCGGTGAACCGACAACAGCTCCGATAAATAAAATTC 
hag-KO-P1 GAAAATACAATATACTCCGTCACAGC 
hag-KO-P2 ATTATGTCTTTTGCGCAGTCGGCTGTTTTGTTCCTCCCTGAATATGTTG 
hag-KO-P3 CATTCAATTTTGAGGGTTGCCAGTAATTTTAAAAAAGACCTTGGCGTTG 
hag-KO-P4 CTGTTGTTTCGCCAGGCGCAAC 
tasA-KO-P1 GATTTGTCTCCAATCAAATCGGCGATTC 
tasA-KO-P2 ACATGTATTCACGAACGAAAATCGAGGTAAGCTCCCCTTTTATTGAATG 
tasA-KO-P3 ATTTTAGAAAACAATAAACCCTTGCATAATAACAGCAAAAAAAAGAGACGGC 
tasA-KO-P4 TGACATTGCTTGATAAGTTTTACGAGC 
yqxM-KO-P1 AGTGTCAACGGATTCGGGAACAGAAAG 
yqxM -KO-P2 GAACAACCTGCACCATTGCAAGAATCTTACCTCCTGTAAAACACTGTAAC 
yqxM -KO-P3 TTGATCCTTTTTTTATAACAGGAATTCTAATATTTTATACGTGATCATCTTTACTCTTATTATTGTG 
yqxM -KO-P4 CTTCTGGAGATGTATTGCTGCCGCCGTTTGC 
ymdB-KO-P1 GAGATGAAAGGACGTATCATCGGAC 
ymdB-KO-P2 GAACAACCTGCACCATTGCAAGATTTGTAAATCCTTTCTTCTTGAAAATTCC 
ymdB-KO-P3 TTGATCCTTTTTTTATAACAGGAATTCTAGTTGAACATATGGTTATTTTATAAAAATATTAAAAAG 
ymdB-KO-P4 TGCTGACATTCTCTCCCACGCCCTC 
yukE-KO-P1 GCAATGTCAGCAGATCTTCATCG 
yukE-KO-P2 GAACAACCTGCACCATTGCAAGACAGCCTAAATATGGGCTAATTCACTTA 
yukE-KO-P3 TTGATCCTTTTTTTATAACAGGAATTCTGAATCAGCAGCTTGATCAAACAG
C 
yukE-KO-P4 GCTCGAGCAAATCATCATAGG 
yhcB-KO-P1 CTACAGTTATTATCGGAGCCATTG 
yhcB-KO-P2 GAACAACCTGCACCATTGCAAGATCAGGAAACCTCCCTGTACAGATTAAG 
yhcB-KO-P3 TTGATCCTTTTTTTATAACAGGAATTCTAAGGAGAGGTTGAAATGGCCATT
A 
yhcB-KO-P4 CATATTCAGCAAAGCCACTGTAC 
ycsE-KO-P1 TTTTTTCTTCTTTCAGTGTGTAGACTTC 
ycsE-KO-P2 GAACAACCTGCACCATTGCAAGAATATGTACCTCTCTTTATCTTTTTGTTGT
G 
ycsE-KO-P3 TTGATCCTTTTTTTATAACAGGAATTCTAAAAAAAGAGAGTCCTAAGATGG
AC 
ycsE-KO-P4 TGACCTCTGTTCTGAAATAGCTGTC 
yqgA-KO-P1 GTTTATAATCGAAATGTATGTCAACAAC 
yqgA-KO-P2 GAACAACCTGCACCATTGCAAGATTTGTAGATCCTCCTTTAAACTATTAC 
yqgA-KO-P3 TTGATCCTTTTTTTATAACAGGAATTCTAACAGTTCAATAATGAGAATAGA
AGG 
yqgA-KO-P4 TTCAAACGGCAAACTTCAAACGGATGAG 
yjjA-KO-P1 TCGGAGAACGGAAGGAAAAAGAAAG 
yjjA-KO-P2 GAACAACCTGCACCATTGCAAGAACCCGTTTCCTCTCCTCTTTGCATAG 
yjjA-KO-P3 TTGATCCTTTTTTTATAACAGGAATTCTAACAAGTACAAAAAGCCGCTTTTC
C 
yjjA-KO-P4 GAAAAAATGGACAGTCATGTGGGTC 
yuaE-KO-P1 GTTTGCTTGATAATAGGCTTAGCGG 
yuaE-KO-P2 GAACAACCTGCACCATTGCAAGACATATCTCCTCCTAAAATGACATTACC 
yuaE-KO-P3 TTGATCCTTTTTTTATAACAGGAATTCGATTTAATCAGACCCTTTCTGCTTT
TC 
yuaE-KO-P4 TGCGAAAGCGTTCGGTATTGATA 
ywsB-KO-P1 ATTATTTTTGTTAACCGCCTGTTCG 
ywsB-KO-P2 GAACAACCTGCACCATTGCAAGAGCCGTTCCTCTCCTCACGTAAGAG 
ywsB-KO-P3 TTGATCCTTTTTTTATAACAGGAATTCTAACTGAGAGGGATTCCGCATAAA
T 
ywsB-KO-P4 TTAATAAGGCGTGGGCTGAGGAATT 
yocH-KO-P1 AACATGAAGAGAAACAAAAGCAGG 
yocH-KO-P2 GAACAACCTGCACCATTGCAAGAAAGTAAATCCTCCCTTGTTAGCTTTTTA
TTG 
yocH-KO-P3 TTGATCCTTTTTTTATAACAGGAATTCTAATAATATAGATTGTGATAAAAG
ACATAAGCTTTT 
yocH-KO-P4 CATCTTAACCACCTTCGCCAGACCCG 
ywoF-KO-P1 GCCGTTGATATTGCTGGAGGATTGG 
ywoF-KO-P2 GAACAACCTGCACCATTGCAAGATTTCGATTCCCATTTCGTTTTAGAATAG 
ywoF-KO-P3 TTGATCCTTTTTTTATAACAGGAATTCTAATTGCTATAAGCGGCGTTCT 
ywoF-KO-P4 GGATTGCGGTTCTTCCAAGGG 
ybfG-KO-P1 TTCGGGGCATATCGCAGCCATTG 
ybfG-KO-P2 GAACAACCTGCACCATTGCAAGATTCGATTCCTCCTTTGTTAGATTG 
ybfG-KO-P3 TTGATCCTTTTTTTATAACAGGAATTCTAACTTTAATACAAAACTGCATGAA
C 
ybfG-KO-P4 TCGGCTCTCTGTGCAAAGTGCAGAACAG 
yndB-KO-P1 GAGTGATTTCAAGCTCACGGAAATG 
yndB-KO-P2 GAACAACCTGCACCATTGCAAGATTCGTTTACCTCTTGACATATGATG 
yndB-KO-P3 TTGATCCTTTTTTTATAACAGGAATTCTAAAAAAGAGAGAGGTATCTCTCT
TTTTTG 
yndB-KO-P4 CATCGGCCCAAACGATTTATCCTAC 
yvcE-KO-P1 GGGTGACGACACCTTCTTTTACTGGC 
yvcE-KO-P2 ACATGTATTCACGAACGAAAATCGATTTTTATATCCTCCCTTTTACTGTGAA
C 
yvcE-KO-P3 ATTTTAGAAAACAATAAACCCTTGCATAATAAATATGACAAGGGCCTTCTA
TAAAC 
yvcE-KO-P4 TCATTCGTAATGCCCAGGTTTTCAAAC 
ydhF-KO-P1 CACGACCACAGCCGAAAAAATATGAAC 
ydhF-KO-P2 ACATGTATTCACGAACGAAAATCGGATGATTCCTCCATTAAAAAGAGATCC 
ydhF-KO-P3 ATTTTAGAAAACAATAAACCCTTGCATAAATCAAGAACTCCCGTACAAGGT
AC 
ydhF-KO-P4 TTTACAGATTGTCAAAGACTTATCTAAGAG 
yweA-KO-P1 AGTTTGCGACGGCAATTATGGAAGAAAG 
yweA-KO-P2 ACATGTATTCACGAACGAAAATCGGACATTTCCCCCTAATTGATTGTTG 
yweA-KO-P3 ATTTTAGAAAACAATAAACCCTTGCATAATCGATAGATTTGTAGTCAGAGA
CTG 
yweA-KO-P4 GGATATCAAGGCCGTCTGGGTTGTAGAGC 
PA-dronpa-XhoI-U CCCAAACTCGAGGGTTCCGGAATGGTGAGTGTGATTAAACCAGACATG 
PA-dronpa-SphI-L CCCAAAGCATGCTTATTACTTGGCCTGCCTCGGCAGCTC 
PA-mcherry-XhoI-U CCCAAACTCGAGGGTTCCGGAATGGTGAGCAAGGGCGAGGAGG 
PA-mcherry-SphI-L CCCAAAGCATGCTTATTACTTGTACAGCTCGTCCATG 
ymdB-BamH1-U AAACCCGGATCCGCATGAGAATTTTATTTATCGGAGATGTTGTC 
ymdB-HindIII-L AAACCCAAGCTTTTCAAAGAACATGTGATCATCGTTGATTAAAATAC 
spo0A-KO-P1 AAAAGGATGAAGGAGAAGGCAAATAC 
spo0A -KO-P2 CTGAGCGAGGGAGCAGAAGTTTCTTCCTCCCCAAATGTAGTTAAC 
spo0A -KO-P3 GTTGACCAGTGCTCCCTGTAAACATGAGCTTATTAAGTGGTCATTAAATC 
spo0A -KO-P4 CTTAGTCGGCTACCGCCTGTCTCCGG 
comK -KO-P1 GAACCTTCCAAACAAACATTTTTTCCATG 
comK-KO-P2 CTGAGCGAGGGAGCAGAA ATTATGGCCTCCATCCTTTTTCTGC 
comK -KO-P3 GTTGACCAGTGCTCCCTGTAGAAAAATAGGAAGGAGCTGACC 
comK -KO-P4 CACCAAACAGAAAAGGAGCGTTG 
slrR-KO-P1 CTAAAGATCACTCGCTTCACTCC 
slrR -KO-P2 GAACAACCTGCACCATTGCAAGAAATATGAAATTCTCCTCTATTCCTGTC 
slrR -KO-P3 TTGATCCTTTTTTTATAACAGGAATTCTGATGATCGGTTAAAGGGCTAAC 
slrR -KO-P4 GGTTGTTCCAATTAATAGCGGAA 
 General Methods 
All general methods were carried out as described previously (Harwood and Cutting, 1990). 
For strains harboring genes under inducible promoters, 0.5% xylose or 1 mM IPTG was 
added to the medium, when indicated. Antibiotics were used at the following 
concentrations: Kan 5 µg/ml, Cm 6 µg/ml, Lin 50 µg/ml, Erm 1 µg/ml, Tet 10 µg/ml and 
Spec 100 µg/ml. 
 
Labeling B. subtilis Cells with Calcein 
Cells were grown at 37ºC with gentle shaking (25 RPM) in LB medium supplemented with 
5 µM calcein-AM (Invitrogen). During mid-logarithmic phase, samples were harvested by 
centrifugation (4000 rpm, 3 min), washed three times with fresh dye free LB medium and  
visualized by LM.  
 
Labeling B. subtilis Cells with WGA 
Cells were grown at 37ºC with gentle shaking (25 RPM) in LB. After 2 hrs cell culture was 
supplemented with WGA-FITC (5 µg/ml, Sigma) and 1 µg/ml FM 4-64 fluorescent 
membrane dye (Invitrogen) and incubated for additional 10 min. Next, cells were harvested 
by centrifugation (4000 rpm, 3 min), washed twice with fresh dye free LB medium and 
visualized by LM. 
 
Labeling B. subtilis Cells with SYTOX Green 
Exponentially growing cells were spotted at low density onto an ITO-coated cover slip and 
covered with a dialysis membrane. The cover slip was then assembled into a mounting 
frame (A-7816, Invitrogen) filled with liquid LB supplemented with SYTOX Green (1 
µg/ml, Sigma) and 1 µg/ml FM 4-64 fluorescent membrane dye (Invitrogen). Cells were 
incubated in a temperature controlled chamber (Pecon-Zeiss, Germany) at 37ºC and tracked 
by LM. In parallel, exponentially growing cells were treated with kanamycin (5 µg/ml) and 
stained with SYTOX Green as a control.  
 
Standard SEM Analysis  
B. subtilis cells were grown as described in Figure 1Aa or 1Ab, as indicated. Grids were 
detached from the plates and processed as previously described (Dubey and Ben-Yehuda, 
2011). In brief, grid-attached cells were washed three times with PBSx1 and fixed with 2% 
glutaraldehyde in sodium cacodylate buffer (0.1 M, pH 7.2) for 2 hrs at 25ºC. 
Subsequently, the grids were fixed by incubation with 1% osmium tetroxide for 1 hr at 
25ºC and then dehydrated by exposure to a graded series of ethanol washes [25%, 50%, 
75%, 95%, and 100% (x2); 10 min each]. Finally, grids were washed with a graded series 
of freon 113 [25%, 50%, 75%, 95%, and 100% (x2); 10 min each]. Specimens were coated 
with gold-palladium (~8 nm cluster size) with Quorum Technologies SC7640 Sputter 
Coater or left uncoated when indicated. Samples were observed using Through-Lens 
Detector operated at Secondary Electron (TLD-SE) mode by Magellan™ XHR SEM (FEI).  
 
TEM Analysis 
For whole mount TEM analysis, B. subtilis cells were grown as described in Figure 1Aa. 
Grid-attached cells were washed with 0.1 M sodium cacodylate buffer (0.1 M, pH 7.2) and 
fixed with 2% glutaraldehyde in sodium cacodylate buffer (0.1 M, pH 7.2) for 2 hrs at 
25ºC. Cells were observed using a Tecnai G2 Spirit Twin T12 (FEI) operated at 120 kV. 
TEM images were acquired using a FEI Eagle 4k CCD camera. 
 
Preparation of ITO-Coated Cover Slips  
ITO-coated cover slips were previously employed in LM and SEM imaging of mammalian 
cells (Pluk et al., 2009). Cover slips were cleaned with Extran MA02 neutral soap, rinsed 
with DI water and blow dried with N2. Subsequently, a layer of 10 nm of Ti and 50 nm of 
Au was deposited onto the cover slips using a standard e-beam evaporator under vacuum of 
3x10-7 Torr. After metal evaporation cover slips were coated with a 500 nm layer of 
Photoresist AZ1505 using standard spin coating procedure. Patterning transfer was 
performed using a MA6 mask aligner operating on vacuum contact mode, and was 
followed by pattern developing using AZ 726 developer. Next, cover slips were etched 
using Au Etch (Technistrip Au) and Ti Etch (HF 1%), and Photoresist was removed with 
acetone/methanol/isoproponol rinsing followed by blow drying with N2. When indicated, 
gold numbered mask was stamped over the cover slips. Finally, cover slips were sputtered 
with a layer of 40 nm ITO deposited by RF sputtering.  
 
Immnuo-SEM 
B. subtilis cells were grown as described in Figure 1Aa. Grids were gently removed and 
grid-attached cells were washed three times with PBSx1, fixed with 2% paraformaldehyde 
and 0.01% glutaraldehyde in sodium cacodylate buffer (0.1 M, pH 7.2) for 10 min at 25ºC. 
Subsequently, grids were placed over drops of 0.1 M glycine in PBSx1 for 10 min and 
rinsed briefly in PBSx1. Grids were incubated in PBSx1 containing 2% BSA and 0.1% 
Tween 20 for 30 min at 25ºC and washed twice with PBSx1. Next, grids were incubated for 
2 hrs at 25ºC rabbit anti-GFP polyclonal antibodies (1:50), diluted in PBSx1 containing 1% 
BSA. Grids were then washed three times with PBSx1 and incubated for 1 hr at 25ºC with 
gold-conjugated goat anti-rabbit antibodies (Jackson, USA) (1:50) diluted in PBSx1. Grids 
were washed three times with PBSx1 and fixed with 2.5% glutaraldehyde in sodium 
cacodylate buffer (0.1 M, pH 7.2) for 1 hr at 25ºC. Next, grids were washed in sodium 
cacodylate buffer (0.1 M, pH 7.2) (x3, 5 min each) and incubated in 1% osmium tetroxide 
for 1 hr at 25ºC. Grids were then washed gently with DDW, and cells were dehydrated by 
exposure to a graded series of ethanol washes [25%, 50%, 75%, 95%, and 100% (x2); 10 
min each], followed by washes with a graded series of freon 113 [25%, 50%, 75%, 95%, 
and 100% (x2); 10 min each]. Specimens were imaged without coating by Magellan™ 
XHR SEM (FEI) using Through-Lens Detector operated at Secondary Electron (TLD-SE) 
and Low-voltage high-Contrast backscatter electron Detector (vCD).  
 
PALM and Related Methods  
PALM imaging was performed with Super Resolution TIRF-N-STORM Microscope 
(Nikon). Cells were incubated over ITO-coated cover slip as described above. Imaging was 
carried out using an inclined beam, close to TIRF, to visualize molecules within bacteria. 
For protein localization, we constructed chimeric proteins fused to the PAFP Dronpa (Ando 
et al., 2004) or PA-mCherry (Subach et al., 2009; Sherman et al., 2011). PALM acquisition 
sequence for two channel imaging of live bacteria typically lasted 5 min. The fluorescent 
proteins were imaged with fast alteration of excitation (488 nm and 561 nm) and 
photoactivation (405 nm) lasers at a rate of 52 sec-1, and a common multi-channel filter 
cube, with acquisition speed of 13 fps. Photoactivation illumination at 405 nm was 
increased during imaging sequence to optimize first the photoactivation of Dronpa and then 
PA-mCherry. Drift compensation and channel registration were performed by dedicated 
algorithms in the STORM module in NIS-Elements (Nikon). PALM images were analyzed 
using the STORM module and ImageJ software (ImageJ, U. S. National Institutes of 
Health, USA) to identify peaks and group them into functions that reflect the positions of 
single molecules (Betzig et al., 2006; Huang et al., 2009). PALM images represent the 
accumulation of sequential 3000-4000 frames, with alternating acquisitions of green and 
red channels.  
 
cPALM- SEM  
For cPALM-SEM imaging, exponentially growing cells were spotted onto a gold numbered 
ITO-coated cover slip and grown for 2 hrs at 37ºC. Cells were then gently fixed using 2% 
paraformaldehyde for 30 min at 25ºC. Subsequently, samples were visualized by PALM 
followed by HR-SEM processing and imaging. Cells were fixed to eliminate cell growth 
during PALM analysis.  
 
Cryo-EM Analysis 
For cryo-EM analysis, cells were grown at 37ºC with gentle shaking (25 RPM) for 2 hrs in 
LB medium. Cells at mid-logarithmic phase (0.5 ml) were harvested by centrifugation 
(4000 rpm, 3 min), and examined for nanotube formation using LM. Next, cells was 
spotted over a glow-discharged 200-mesh carbon-coated copper grids (R2/1, Quantifoil, 
Germany), and vitrified by plunge-freezing into liquid nitrogen cooled ethane, as described 
(Dubochet et al., 1988). Grids were imaged by a 300 kV Titan Krios (FEI) electron 
microscope equipped with a Gatan Quantum energy filter and a K2 Summit™ Direct 
Detection camera (Gatan, USA). Images were recorded using dose fractionation mode to 
maximise the contrast and resolved structures. Image processing was conducted using TOM 
toolbox software package (Nickell et al., 2005) and ImageJ software (ImageJ, U. S. 
National Institutes of Health, USA). 
 
Nanotube Purification 
Logarithmic cells lacking flagella were diluted (1:100) into 1000 ml of LB medium and 
incubated with gentle shaking (25 RPM) at 37ºC. Cells were then harvested at OD600 0.8 
(3,000×g, 10 min) and the pelleted cells were gently disturbed using Fastprep (MP 
Biomedicals) (4.0 m/s, 40 sec). Next, cells were removed by additional centrifugation 
(6,000×g, 20 min) followed by filtration using 0.2 µm pore membrane. The presence of 
purified nanotubes in the supernatant was confirmed by observing nanotubes stained with a 
fluorescent membrane dye using LM and TEM. Nanotubes in the filtrate were pelleted 
(20,000×g, 60 min), and suspended in a buffer containing Tris-HCl (50 mM, pH 6.8), SDS 
(2%), Glycerol (10%), β-mercaptoethanol (1%), EDTA (12.5 mM) and Bromophenol blue 
(0.02%). The purified sample was subjected to SDS-PAGE analysis, bands were excised 
from the gel and proteins were identified by mass spectrometry. 
 
Subcellular Fractionation and Immunoblot Analysis 
B. subtilis cells were grown exponentially in LB medium at 37ºC with gentle shaking (25 
RPM). For nanotube isolation, cells were treated as described above. For membrane and 
cytoplasmic fractions, 10 ml of cell culture were harvested, resuspended in 1 ml PBSx1 and 
disrupted using Fastprep (MP Biomedicals) (6.0 m/s, 40 sec, x2). Next, cell debris were 
removed by additional centrifugation (6,000×g, 20 min), and ultracentrifugation (1,20,000 
x g, 60 min, 4ºC) was carried out to separate membrane (pellet) and cytoplasm 
(supernatant). Equal amounts of proteins for each fraction were separated by SDS-PAGE 
using a 12% polyacrylamide gel, electroblotted onto PVDF membrane, and blocked (0.5% 
Tween-20 and 5% non-fat milk in 1xPBS). Protein detection was performed using 
polyclonal rabbit anti-GFP (1:8,000) or anti-YmdB (1:8,000) antibodies (0.05% Tween-20 
and 3% BSA in 1xPBS; overnight at 4ºC). A peroxidase conjugated goat anti-rabbit 
secondary antibody (1:10,000, Jackson ImmunoResearch) (0.05% Tween-20 in 1xPBS; 30’ 
at 23ºC) and EZ-ECL kit (Biological Industries, Beit Haemek, Israel) were used for final 
detection according to the manufacturers' instructions. 
 
Production of YmdB polyclonal antibodies 
E. coli BL21 cells harboring an inducible hexahistidine-tagged version of YmdB (pGB33), 
were induced to produce YmdB, and the protein was purified from the extracts by nickel-
affinity chromatography. Rabbit polyclonal serums were raised against the protein and 
immunopurified (Eurogentec). 
 
Antibiotic Transfer Assay for Detecting Molecular Exchange  
This analysis is based on the antibiotic transfer assay we previously described (Dubey and 
Ben-Yehuda, 2011). Donor and recipient strains used for the antibiotic screening assay are 
listed in the Table of Strains (Supplemental Experimental Procedure). Donor and recipient 
strains were grown separately to mid-exponential phase, after which cells were mixed in 
1:1 ratio (OD600=1 or 0.1) and spotted onto LB+IPTG. Plates were incubated at 37ºC for 2-
4 hrs, replica plated onto Cm+Kan doubly selective plates and incubated O/N at 37ºC. Cells 
grew on this selective plate due to protein and/or plasmid exchange. Next, cell growing on 
the doubly selective plate were re-replica plated onto Cm+Kan+Lin triply selective plates 
and incubated O/N at 37ºC. Only recipient cells obtaining the donor's plasmid formed 
colonies on triply selective plates.  
 
Cre Transfer Assay for Detecting Molecular Exchange 
The following strains were grown separately up to mid exponential phase: P1 (GB4: 
amyE::Phyper-spank-cre-spec) (SpecR), and P2 (GB19: amyE::PrpsB-loxP-erm-loxP-kan) 
(MlsR, Kans) (strain P2 was grown on Mls plates to eliminate spontaneous excision of the 
cassete before the initiation of the experiment). Next, cells were mixed in 1:1 ratio 
(OD600=1 or 0.1) and inoculated in fresh LB+IPTG medium with gentle shaking. Cells were 
incubated at 37ºC for 2-4 hrs, then spotted on Kan, Mls, Spec and LB plates and incubated 
O/N at 37ºC.  
 
Measuring the Frequency of Cre Protein Transfer 
The following strains were grown separately up to mid exponential phase: P1 (GB4: 
amyE::Phyper-spank-cre-spec) (SpecR), and P2 (GB19: amyE::PrpsB-loxP-erm-loxP-kan) 
(MlsR, Kans) (strain P2 was grown on Mls plates to eliminate spontaneous excision of the 
cassette before the initiation of the experiment). Next, equal number of cells of P1 and P2 
were mixed and inoculated into fresh LB+IPTG medium. Cells were grown with gentle 
shaking for 4 hr at 37°C, then cells were serially diluted and plated in equal numbers onto 
LB, Mls and Kan antibiotic plates. Plates were incubated O/N at 37°C and CFU/ml was 
determined. Efficiency of transfer was calculated as ratio between the number of colonies 
on Kan divided by the number of colonies on Mls plates.  
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